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Chapters 1-5: The Shape of Dark Matter Halos
Spiral galaxies are beyond doubt one of the greatest marvels the universe has
to oﬀer. A collection of gas and hundreds of billions of stars, slowly rotating
in a cosmic dance around a massive central black hole. And as it looks, with
almost each star having a collection of planets. This collection of gas, stars
and planets forms into disks with diameters of hundreds of thousands of light-
years, yet with thicknesses of no more than a few thousands light-years. The
most famous example of a spiral galaxy is of course our very own Galaxy. The
Sun is located ﬁrmly inside the disk, causing the Galaxy to appear as a thick
white band in the night sky.
Its prominence in the night sky has ensured that the Galaxy has always been
the subjects of legend, speculation and theory. The nature of the Galaxy has a
long history of much debate, and many scholars reached surprisingly accurate
theories, such as Persian astronomer Nasir al-Din al-Tusi: “The Milky Way,
i.e. the Galaxy, is made up of a very large number of small, tightly clustered
stars, which, on account of their concentration and smallness, seem to be
cloudy patches. Because of this, it was likened to milk in color”1. Only in
1610, when Galileo Galilei pointed his telescope at it, was it proven that the
white band in the sky was not an object by itself, but rather that indeed ”[..]
the Galaxy is nothing else than a congeries of innumerable stars distributed




This model was extended in 1750 by Thomas Wright, who theorized that the
Galaxy was composed of a thin spherical shell of stars. The Sun was embedded
inside this shell. Looking along the direction of the shell, one would thus see
the Milky Way as there were many other stars, yet see only those stars still
inside the shell when looking in the other directions. This model was revised
by Immanuel Kant (1755), who came up with a lens-shaped disk model in
which the stars rotated around the center. The sun had no special position in
this model. Other nebulae in the celestial sky were similar, distant galaxies.
The Galaxy was studied in detail by many authors, including Jacobus Cornelis
Kapteyn, who coordinated a study by forty diﬀerent observatories. This study
led Kapteyn to a lens shaped model of the galaxy, which was nearly 40.000
light years in diameter. The amount of stars decreased with distance from
the Galactic center. In this model, the sun was positioned at a distance of
2.000 light years from the center. The model by Kapteyn did not include a
treatment for dust absorption, which caused him to underestimate the size of
the Galaxy.
Between 1782 and 1802, the stellar sky was already catalogued in detail by
Caroline and William Herschel. In total over 2400 nebulae were discovered.
At the time, there was no distinction between the nebulae inside the Galaxy
and external galaxies. This distinction only came with the discovery by James
Edward Keeler, Vesto Melvin Slipher, William Wallace Campbell and Edwin
Hubble that the fainter nebulae appeared, the higher their recessional velocity,
implying that these were in fact distant galaxies. These results ﬁt perfectly
with the theory by Georges Lemaître that the universe was expanding, a con-
tinuing eﬀect that started with a Big Bang.
Another great scientiﬁc leap in the 1970s, when Ken Freeman demonstrate that
galaxies lacked the mass distribution to remain stable. For galaxies to remain
stable, an additional hidden mass component was required that followed a very
diﬀerent mass distribution. Around the same time, a similar conclusion was
reached by Vera Rubin, who noticed that the rotation curve of galaxies failed
to drop signiﬁcantly passed a certain radius as predicted by the mass that was
observed. The so-called rotation curve of galaxies remains ﬂat at large radii,
implying that the amount of mass-to-light increases drastically with radius
from the center. Conﬁrmed by the work of other pioneers in this ﬁeld, it was
realized that this phenomena was near universal in galaxies. For galaxies to
remain stable, an additional dark matter component was required. This dark
matter would form a sphere in which the visible galaxy would be embedded.
1 Galileo (1610) - Siderius Nuncius
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Evidence for this additional mass component has subsequently been detected
in other ﬁelds of astronomy, such as in the ratio of the various primordial
elements, and in the large-scale structure and cosmic microwave background.
To this date however, the nature of the dark matter particle remains elusive.
By understanding the dark matter halo in detail, it will be possible for physi-
cists to place stronger constraints on the theoretical nature of the dark matter
particle. The ﬁrst part of the thesis is therefore dedicated to continuing the
work by O’Brien et al. (2010a), who set out to measure the shape of the dark
matter halo around edge-on galaxies.
We start in Chapter 1 with an analysis of the neutral hydrogen (HI ) content
of eight edge-on galaxies. One of the main questions that arises in this chapter
is the possible impact that HI self-absorption of the gas can have on any sub-
sequently derived property. Traditional this topic has largely been ignored,
but we argue that it has to be addressed before any sensible statement can
be made about the dark matter halo. The currently available modelling tools
are unable to treat for HI self-absorption, which is why we introduce a new
software tool called Galactus in Chapter 2. This tool allows the users to
perform a (Bayesian) ﬁt to the radio cubes. We use this tool to model face-on
galaxies NGC2403. Projecting the results to an edge-on model, we ﬁnd that
the maximum temperature maps from Chapter 1 should indeed have been
higher, concluding that self-absorption indeed is important. We also demon-
strate how the missing mass fraction due to the HI self-absorption increases
with inclination.
In Chapter 3, we return to the radio cubes from Chapter 1. Using a series of
simulated HI cubes, we demonstrate that with our new software it is possible
to analyze the edge-on galaxies. We also demonstrate how treating the HI as
optically thin can lead to errors in the measured properties. The rest of the
chapter is dedicated to analyzing the eight edge-on galaxies.
Chapter 4 is dedicated to modelling the stellar and dust contents of these edge-
on galaxies. We use the software package FitSKIRT to model the galaxies in
multiple wavelengths using optical and near-infrared observations.
In Chapter 5, we use these HI and stellar results to model the theoretical
hydrostatics of the edge-on galaxies. Comparing the theoretical and observed
hydrostatics enables us to measure the gravitational potential of the dark
matter halo in both the radial and vertical direction. We ﬁt dark matter halos
to the best ﬁve out of our initial eight galaxies. Three galaxies have dark
matter halos that are nearly spherical, while two more have strongly prolate
halos. Oblate halos are never found.
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Chapters 6&7: The Outskirts of the Stellar Disk
Another interesting discovery on spiral galaxies was made in 1979 by Piet van
der Kruit. He noted that the stellar density in edge-on galaxies did not drop
continuously into the background. Instead, the disk appeared to be truncated.
Beyond this truncation, the stellar density drops very rapidly to zero.
Although Piet van der Kruit already discovered them back in 1979 using edge-
on galaxies, stellar disk truncations remain elusive in face-on galaxies. Because
of this, the nature of the truncations is not well understood. The traditional
way for measuring surface photometry in face-on galaxies is by using ellipti-
cally averaged proﬁles. In Chapter 6, we argue that galaxies are known to
be ragged at the outskirts, such that elliptically averaging can smooth out a
truncation. We therefore develop two new surface photometry techniques in
the hopes of detecting truncations. Unfortunately, both techniques are very
sensitive to noise and we cannot explore the data to suﬃcient depth.
In Chapter 7, we continue this search by using deeper data available from the
IAC Stripe 82 Legacy Project. We develop a third new photometric technique,
which aims to correct the ragged nature of the outskirts of galaxies. The
three new techniques, together with the conventional elliptical averaging, are
tested on a sample of galaxies. Three truncations are detected. Surprisingly,
we detect many weak starlight-like halos around most of the galaxies in our
sample. We explore the eﬀect of the point spread function. A signiﬁcant part
of the observed halos can be due to scattered light from the galaxy itself,
although we clearly detect stellar halos in some of the galaxies.
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HI Observations of Edge-on Galaxies
S.P.C. Peters, P.C. van der Kruit, R.J. Allen and
K.C. Freeman
We present neutral hydrogen observations for a sample of eight
nearby, late-type, edge-on galaxies. All of the galaxies have been
well resolved in the radial direction, while six have also been well
resolved in the vertical direction. We ﬁnd that each of the galaxies
has approximately the same maximum surface brightness tempera-
ture throughout its disk. We argue that self-absorption is the main
cause of this phenomenon and that subsequent decompositions will
require a treatment of this.
Submitted to A&A. First revision.
1.1 Introduction
Because of their side-on orientation, edge-on galaxies oﬀer a unique perspective
on the structure of galaxies. Due to the random orientation of galaxies in
space, only a fraction is seen edge-on. Our Galaxy can be considered a prime
example of an edge-on galaxy. There are many advantages to the edge-on
perspective. For example, the longer lines-of-sight allow the study of the
baryonic content at very low volume densities. This led van der Kruit (1979)
to the discovery that most stellar disks have a truncation in their outer regions,
beyond which the stellar density rapidly drops to zero. Only using modern-
day observations have truncations in face-on galaxies been detected beyond
doubt (this thesis, Chapter 7).
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Another advantage of the edge-on perspective is that they allow for the study
of the structure of the disks as function of height above the plane. This
advantage led to the discovery of thick stellar disks, using surface photometry
of S0 galaxies (Burstein 1979; Tsikoudi 1980). The existence of a thick stellar
disk in the Galaxy was conﬁrmed by Gilmore & Reid (1983) using stellar
counts. In face-on galaxies, the vertical direction is integrated along the line-
of-sight, making the thick and thin disk hard to disentangle.
While oﬀering a unique perspective on the vertical structure of the disk, each
line-of-sight also forms a superposition of light emitted at various radii, as the
line crosses through the disk. This observed disk thus is seen as function of
position along the major axis X and above-the-plane height z. Decomposition
of the stellar disks is required before the galaxy can be understood as function
of radius R and height z. Many authors have thus developed new and ever
more sophisticated methods to disentangle this information (e.g. van der Kruit
& Searle 1981a; Pohlen et al. 2007; Comeron et al. 2011). The most modern
methods are able to model the full spectrum from near infrared to optical and
can account for the dust reprocessing of the light (de Geyter et al. 2013).
For neutral hydrogen, the situations is even more complex. Where most opti-
cal and infrared emission comes in the form of very broad lines and blackbody
emission, the hydrogen line is very narrow. Because of this, the most promi-
nent source of broadening of the HI line emission of a galaxy is due to the
Doppler shift from the bulk motion of the gas, in particular due to the rotation
around the galaxy and the turbulence of the gas. The broadening due to the
turbulence of the gas (also known as the velocity dispersion) is typically of or-
der 10 km/s and is low compared to the rotational velocity of the galaxy, which
is typically of order 100 km/s. If the observation of an edge-on galaxy is well
resolved spatially and in velocity, for example using a radio interferometer, the
line-of-sight velocity vlos oﬀers an additional constraint on a decomposition.
In the last decades a similar technique has also become available in the optical
and infrared, using so-called Integral Field Unit spectroscopy of spectral lines
(Bacon et al. 1995).
The ﬁrst spatially resolved HI observations of edge-on galaxies were of NGC
4244, 4565, 5907, 4631 and 4656. These observations came in the late seven-
ties, but lacked suﬃcient quality for a detailed analysis (Sancisi 1976; Weli-
achew et al. 1978). That became possible with the subsequent observation
of NGC891 by Sancisi & Allen (1979), a nearby edge-on galaxy similar to
the Galaxy (van der Kruit 1984). Sancisi & Allen modelled both the rotation
curve and the thickness of the disk, concluding that the thickness was less than
one kpc in the inner parts, but ﬂaring out to 1-2 kpc thickness at 20-24 kpc
radius. It was shown by van der Kruit & Searle (1981a) that the thickness of
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this HI layer should increase exponentially with radius, which was later con-
ﬁrmed by Rupen (1991). Since then, NGC891 has remained a prime target
for subsequent observations, each time improving the quality of the data and
revealing new structure, such as the presence of a HI halo (Swaters et al. 1997;
Oosterloo et al. 2007).
The ever-increasing quality of the observations allowed the analysis to be taken
beyond just the rotation curve and the thickness of the disk. Olling (1996a)
was the ﬁrst to derive the radial HI surface density of an edge-on, by decom-
posing the galaxy using inverse Abel transformation in a technique inspired by
the work on face-on galaxies by Warmels (1988). While the velocity dispersion
in face-on galaxies can be measured more or less directly, the superposition
of gas at various radii requires a careful decomposition of the galaxy. In the
same paper, Olling (1996a) also used the outer envelope of the XV-diagram
to measure the velocity dispersion variation in NGC4244, which was found to
be consistent with a velocity dispersion of roughly 8.5 km/s. O’Brien et al.
(2010c) modelled the full XV-diagram for eight edge-on galaxies and found
that most systems display HI velocity dispersions of 6.5 to 7.5 km/s and all
except one show radial structure in this property.
This chapter is the ﬁrst in a series of chapters in which we ultimately aim
to measure the shape of the dark matter halo around edge-on galaxies. By
carefully modelling the theoretical hydrostatics of the neutral hydrogen and
stellar components in each galaxy, and comparing this with the observed hy-
drostatics, it is possible to discern the eﬀects due to the dark matter halo.
This is a continuation of the project started in O’Brien et al. (2010a,b,c,d),
who modelled these components for galaxy UGC7321 and found a near spher-
ical halo. In this chapter, we present the HI observations for eight edge-on
galaxies, similar to the sample of O’Brien et al. (2010a). A key question from
O’Brien et al. (2010a) concerns the possible eﬀects of self-absorption of the
neutral hydrogen. We begin this chapter by re-addressing this question.
1.2 A Toy Model
A continuing story throughout these chapters will be about the role of the HI
self-absorption (sometimes referred to as HISA in literature) on the observa-
tions. In our own Galaxy, many lines of sight are known to become optically
thick within several hundred parsec, with faint HISA features visible in all
direction where the background emission is suﬃciently strong, plus stronger
HISA features forming distinct cloud complexes (Gibson et al. 2005; Draine
2011; Allen et al. 2012). Such cloud complexes cannot be resolved in other
galaxies. Most papers on external galaxies therefore treat the HI as if it is
optically thin. Evidence is however accumulating that ﬂat-topped HI proﬁles
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Parameter Function Value
Inclination i = 90◦
Thickness of disk FWHM= 700 kpc
Systemic velocity vsys = 0 km/s
Rotation curve vrot(R) = v∞(1− 1R2/a2+1) v∞ = 220 km/s
a = 1.4 kpc





ρ0 = 1.4 atoms/cm3
Amax = 3× 1021 atoms/cm2
µ = 4.0 kpc
σ = 5.3 kpc
Table 1.1: Parameters used in the toy model
characteristic of this eﬀect are common in M31 and M33, where hydrogen
mass correction factors of order 1.3 to 1.4 have been derived (Braun 2012).
So what is the overall opacity of the HI in external galaxies and should we
treat for it? One answer comes from O’Brien et al. (2010a), who show maps
of the maximum surface brightness for eight edge-on galaxies. Rather than
in the conventional unit of mJy per beam, the data are presented in Kelvin.
A remarkable result is found: In each galaxy, the maximum brightness along
the major axis is roughly constant between 80 and 100K along most of the
disk. This is most clear in ESO274-G001, of which a similar result is shown
here in Figure 1.9b. As the path-length through the disk varies drastically
with position along the major axis, why can the maximum surface brightness
remain so constant? O’Brien et al. (2010a) speculated that this might be due
to HI self-absorption. If true, this is a very important result: HI should not
be treated as optically thin.
We begin this chapter by analyzing a toy model of a real edge-on galaxy. We
roughly base our model on the observations of NGC891 by Sancisi & Allen
(1979). NGC891 bears close resemblance to our Galaxy (van der Kruit &
Searle 1981b). Because of this, we use the Solar Neighborhood average HI
density ρ0 of 1.4 atoms/cm3 (Mihalas & Binney 1981, Table 9-1), as this
provides the most reliable estimate of the density. In contrast, the ﬂaring of
the Galaxy is hard to determine. Rather than the value of 1 kpc adopted by
Sancisi & Allen (1979), we adopt a constant thickness FWHM of the disk at
700 pc to compensate for the revised distance of NGC891 to 10Mpc. The
HI forms a smooth medium of constant density with height and only changes
with radius, as deﬁned through the face-on surface-density distribution. We
use the average density ρ0 and thickness FWHM to set the maximum face-on
surface density Amax at 3.0×1021 atoms/cm3. The face-on surface density and
rotation curve of the toy model are shown in the top row of Figure 1.1, with
the exact parameters shown in Table 1.1. The disk has a maximum radius
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of 24 kpc. The gas in our model has no intrinsic dispersion, so all emission
occurs at exactly the projected velocity vlos = vrot cos(θ). Here θ denotes the
angle between the position of the gas (x, y) inside the galaxy, and the center
of the galaxy [θ = arctan(y/x)]. The lack of intrinsic dispersion is similar to a
velocity dispersion lower than one km/s. This is not realistic and would cause
an overestimation of the self-absorption. To correct for this, we divide our HI
calculations by a factor 8, which is very roughly the same eﬀect as expected due
to a velocity dispersion of 8 km/s. Lewis (1984) studied 200 face-on galaxies
and found the velocity dispersion to be 8 ± 1 km/s, which is consistent with
observations of the outer Galaxy (Saha et al. 2009). The results presented
should thus be seen as a lower limit to the self-absorption. We do not include
any form of beam smearing; the beam has an eﬀective resolution of one cm2.
We start by tracing a single ray through the disk. This occurs at a position
X along the major axis of nine kpc from the center. The position of the
ray is shown in the spider diagram in Figure 1.1. As the ray traces through
the model, it crosses through various regions, each of which is at a particular
projected velocity vlos. To illustrate this, we also show the projected velocity
along the ray in Figure 1.1. As is clear from that panel, the velocities are not
evenly distributed along the ray. This means that the distance that the ray
crosses –also known as the path-length– is diﬀerent for each projected velocity
vlos. This is demonstrated in the ﬁfth panel of Figure 1.1, where we show the
path-length per velocity. Near the lowest and highest velocities, the ray crosses
the longest path-lengths. Not only has the velocity changed along the ray, but
also the amount of atoms. While the path-lengths at the low velocities are
the longest, there is also the least amount of HI there. The highest observed
velocity (the terminal velocity) are near the inner radii of the model, and as
such harbor the most neutral hydrogen. This is demonstrated in the sixth
panel of Figure 1.1, where we show the amount of NHI (in atoms/cm2) per
projected velocity v. Using Equation 1.1, we can subsequently convert the
amount of HI to the absorption coeﬃcient τν (combination of Equations 8.8







The spin temperature Tspin is chosen at 100 Kelvin. The result is shown in
Figure 1.1, where it can be seen that the absorption coeﬃcient is roughly 0.4
throughout most of the velocity span, yet spikes to over three near the terminal
velocity. The terminal velocities and thus the inner radii of the model have
turned opaque. This result is similar to the (much more detailed) simulation
of the Galaxy by Douglas et al. (2010), who showed that a large fraction of the
Galactic plane should be optically thick. Using Equation 1.2 we can convert
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Figure 1.1: Tracing a ray through a toy model. Top row: Face-on surface density
and rotation curve of the toy model. Second row left: Spider diagram of the projected
velocity at each position in the disk, with the grey vertical line demonstrating the ray
at nine kpc. Second row right: projected velocity along the ray. Third row left: The
distance crossed by the ray in each projected velocity. Third row right: The amount of
HI atoms at each projected velocity. Bottom row left: Absorption coeﬃcient τν with
velocity. Bottom row right: Observed brightness with velocity.






































































Figure 1.2: Position-velocity diagrams for the toy model. The left panel shows
results for a self-absorption model. The right panel shows the result for an optically
thin model. The lower plot in both panels shows the maximum brightness temperature
at each position in the XV-diagram
the opacity to an observed brightness (Draine 2011, Equation 7.26), which we
shown in the last panel of Figure 1.1,
TB = Tspin
(
1− e−τν ) . (1.2)
As can be seen, the observed brightness along this ray rises continuously to-
wards the maximum of 100K at the terminal velocity.
We trace rays at each position along the major axis of the disk, rather than
trace a ray at a single position. We then build a position-velocity (XV) di-
agram, such as can be seen in the top part of Figure 1.2. In the right panel
of Figure 1.2 we demonstrate the equivalent result, as calculate using the
optically thin conversion (τν . 0.1) from NHI to TB given by Equation 1.3
(O’Brien et al. 2010a),
TB =
NHI
1.82× 1018 dv . (1.3)
Comparing both panels, there is clearly a large diﬀerence between the self-
absorbing and optically thin models. In the self-absorption model, a bright
bar forms near the terminal velocities. This is due to the stacking of gas at
more outward positions and lower projected velocities. In the optically thin
model, this gas is always visible, and any envelope tracing method will have
no problem understanding it. However, the stacking is a problem in the self-
absorption model, as any outer envelope tracing method will interpret the
diagram as less HI at the more outward radii than is actually there.
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This is further illustrated by the lower panel of both ﬁgures, where we show the
maximum brightness that the ray obtains at that position. The self-absorbing
model shows a plateau between 80 and 100K, much the same as the results
by O’Brien et al. (2010a). In contrast, the optically thin model does not show
such a plateau at all1. The observed brightness temperature rises well above
200K in the inner part. Larger regions with brightness levels well above 100K
are never observed in reality. The maximum brightness peak in O’Brien et al.
(2010a) is still below 200K. Even in the high-resolution observations available
by studying our own Galaxy, temperatures above 150K are uncommon (Taylor
et al. 2003; Douglas et al. 2010).
So what is the consequence of this? As demonstrated by this toy model, the
presence of a maximum brightness plateau along most of the major axis, as well
as the limited brightness, are both strong indications of HI self-absorption.
We conclude that any subsequent modelling will need to take into account this
eﬀect, or risk underestimating the HI content of the galaxies. Of course, this
is only a simple model. In reality the HI in galaxies does not form a smooth
medium, but is mostly contained in a large collection of clouds. Nevertheless,
based on the results here, and comparing them to O’Brien et al. (2010a), we
argue that each line of sight through (at least) the mid-plane of the disk is
crossing through such a cloud. It then does not matter if the gas is condensed
into clouds or spread out more smoothly: the observed eﬀect will be the same
amount of atoms visible. Above or below the mid-plane of the galaxy, the
diﬀerence might be important, although it is beyond this toy model to analyze
this is more detail. The data from O’Brien et al. (2010a) suggests that the
diﬀerence is at least unimportant in the central beam of the disk, which for
ESO274-G001 is about 180 pc.
Other eﬀects will also play a complicating role, such as beam smearing, the
distribution of spin temperature along the line of sight, and the velocity dis-
persion of the gas. We will address these questions in more detail in the next
chapter. In the remainder of this chapter, we will improve and re-analyze the
data from O’Brien et al. (2010a) to see if their results hold. As we argued in
this section, the HI should be modelled with the inclusion of opacity. There
is currently no software available that can do this. We therefore do not model
the HI structure of the data presented here. In the next chapter, we develop
new software that can address the HI self-absorption. Using this software, the
data from the current chapter are modelled in Chapter 3.
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Galaxy RA DEC PA Dist Scale Morphology MB
[◦] [Mpc] [pc/arcsec] [B-mag]
(1) (1) (1) (2) (2) (3) (4)
IC 2531 9:59:56.0 -29:37:00.0 74.6 27.2 TF (a) 131.7 Sc 8.835 (b)
IC 5052 20:52:05.5 -69:12:04.4 321.2 5.7 TRGB (b) 27.4 SBd 9.102 (b)
IC 5249 22:47:06.0 -64:50:00.9 14.4 32.1 TF (a) 155.4 SBd 12.314 (a)
ESO115-G021 2:37:46.9 -61:20:13.2 223.2 4.9 TRGB (a) 23.8 SBdm 14.301 (a)
ESO138-G014 17:07:02.2 -62:05:20.9 134.8 15.8 TF (a) 76.5 SB(s)d 10.663 (b)
ESO146-G014 22:12:59.9 -62:04:06.3 222.3 21.7 TF (a) 105.1 SBd -
ESO274-G001 15:14:14.3 -46:48:21.0 216.6 3.0 TRGB (a) 14.6 SAd 8.416 (b)
UGC7321 12:17:34.2 +22:32:25.6 8.1 10.0 TRGB (c) 48.5 Sd 10.883 (b)
Table 1.2: General properties of the galaxies in this survey. Distances are based
on the Tully-Fisher relationship (TF) or the tip of the Red Giant Branch (TRGB).
References: (1): This work, (2a): (Tully et al. 2008), (2b): (Radburn-Smith et al.
2011), (2c): (Matthews 2000), (3): (de Vaucouleurs et al. 1991a), (4a): (Skrutskie
et al. 2003) or (4b):(Jarrett et al. 2003)
1.3 Sample & Observations
Our sample is the same as that of O’Brien et al. (2010a). Criteria for the
galaxies were that they lie in the southern sky, are close to edge-on (a/b ≥ 10),
Galactic latitude ∥b∥ ≤ 10◦ as to avoid optical and infrared extinction by the
Galaxy, relatively bulge-less (Hubble type Scd-Sd), nearby enough to be able
to resolve the ﬂare (d ≤ 30 Mpc) and with a minimal integrated ﬂux of 15
Jy km/s. This led to a sample of ﬁve edge-on galaxies. Two other galaxies
were added for various reasons. UGC7321 was added due to the availability
of very high quality archival data, from the work by Uson & Matthews (2003).
ESO274-G001, despite its low Galactic latitude of 9.3◦, was included for its
exceptional proximity. IC 2531, a box/peanut bulge, barred galaxy was in-
cluded as a test of halo shapes under diﬀerent types of mass scales and stages
of secular evolution. We list the global properties of the sample in Table 1.2.
We refer the reader to Chapter 4 for more optical and near-infrared images of
these galaxies.
The results presented here come from both archived data as well as new ob-
servations. Almost all were observed using the Australian Telescope Compact
Array (ATCA) near Narrabri, Australia. The only exception is UGC7321,
which was based on archived observations from the Very Large Array (VLA).
O’Brien et al. (2010a) also included ATCA observations for this galaxy, but
we found that this limited 4 hour observation reduced the overall quality of
the cube. Most of the observations came from previous archived observations
by various authors over a range of years, going back to 1993. A signiﬁcant
number of the observations was already used by O’Brien et al. (2010a). A ma-
jor new set of observations came as part of the work undertaken by The Local
1 Note that the bumps in the proﬁle are due to the ﬁnite numerical resolution
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Volume HI Survey (LVHIS) group (Koribalski 2008). For ESO138-G014 and
ESO274-G001, we have taken new observations using the ATCA. The vari-
ous observations and conﬁgurations are listed in Table 1.5. In total, we have
collected more than 132 hours of additional observation-time compared to
O’Brien et al. (2010a).
1.4 Reductions
1.4.1 Calibration & Imaging
The calibration and imaging of the data has been done in miriad (Sault et al.
1995). All subsequent analysis was done in python. All archived data from
the ATCA was take in the XX and YY polarizations. The new observations
also include the XY and YX polarizations. We made use of the pre-calibrated
data from O’Brien et al. (2010a), although we have re-reduced parts where we
believed improvements could be made.
The data were ﬁrst imported and split into the various observations, excluding
any telescope shadowing. We then inspected all data for RFI and ﬂagged where
necessary. The primary and secondary calibrator were then used to calculate
the gains and band-passes. This was then applied to the main target. The
continuum was then subtracted from the UV data.
The imaging was done using a three-pass strategy, similar to O’Brien et al.
(2010a). Since the exact pointing sometimes varied between observations, we
used the miriad “joint approach” to invert the data in mosaic mode. The
data were imaged in Stokes II, which is a special case of Stokes I, under the
assumption of an unpolarized source1. A robust parameter of 0.4 was used to
provide a good balance between beam-size and side-lobes.
In the ﬁrst pass, we cleaned the full cube, using the maximum-entropymosmem
task2. This was then restored, which resulted in an estimate for the major and
minor axis of the beam. This was taken as the basis for the second pass. Here
we used a square cell-size of half the full-width half-maximum (FWHM) of
the major axis beam. The central quadrant was again cleaned and restored,
using a circular beam with the FWHM of the major axis of the beam from
the previous pass. The restored cube was smoothed to twice the FWHM and
the standard deviation σ of the background noise determined. We deﬁned a
regions mask in the cube where the signal strength was more than double the
1 From the Miriad user manual at http://www.atnf.csiro.au/computing/software/
miriad/userguide/node108.html
2 There is an ongoing debate on the merits of using clean versus maximum entropy. We
have chosen the maximum entropy method, as the miriad user guide recommends this
as the superior method to use, in particular for extended emission.
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High Resolution Low Resolution
Galaxy θFWHM ∆v σ σ σ θFWHM ∆v σ σ σ
[arcsec] [km/s] [ mJybeam ] [K] [atoms/cm2] [arcsec] [km/s] [ mJybeam ] [K] [atoms/cm2]
IC 2531 10.0 6.6 1.2 7.1 8.5× 1019 30.0 6.6 1.5 1.0 1.2× 1019
IC 5052 11.0 3.3 1.4 6.8 4.1× 1019 30.0 3.3 1.7 1.1 6.6× 1018
IC 5249 8.0 6.6 1.1 10.8 1.3× 1020 30.0 6.6 1.9 1.3 1.5× 1019
ESO115-G021 10.6 3.3 1.2 6.6 3.9× 1019 30.0 3.3 1.4 0.9 5.5× 1018
ESO138-G014 11.8 6.6 1.7 7.3 8.7× 1019 30.0 6.6 2.3 1.6 1.9× 1019
ESO146-G014 8.6 6.6 1.2 9.7 1.2× 1020 30.0 6.6 1.7 1.1 1.4× 1019
ESO274-G001 12.2 3.3 1.5 6.2 3.7× 1019 30.0 3.3 1.8 1.2 7.2× 1018
UGC7321 13.8 5.2 0.3 1.0 9.8× 1018 30.0 5.2 0.5 0.4 3.4× 1018
Table 1.3: The global properties as measured from both the high and low-resolution
HI cubes. Shown are the size of the beam θFWHM, the width and stepping of the
velocity channels ∆v and the one-sigma background noise expressed in various units.
noise. In the third pass, the data raw cube was again cleaned with mosmem,
this time only using the new regions mask.
We also produced low-resolution cubes with a beam of 30′′ to search for any
faint, extended component. This was done by tapering the Fourier trans-
formation to 30′′. The clean was then based on the same regions as the
high-resolution cube. In some cases we found the regions too small for the
low-resolution beam, such that parts of the galaxy were cut oﬀ. The regions
were then widened and both the high- and low-resolution cubes were again
cleaned and restored using these new regions.
The VLA data for UGC7321 consisted of very small band-passes, such that
there was no possibility to perform a continuum subtraction in the UV-plane.
The continuum was therefore subtracted in the image plane. The above strat-
egy led to a beam of 15 arcsec for UGC7321. We have applied an additional
side-lobe suppression of 700 arcsec to the beam, which led to the smaller beam
as reported here.
For IC 2531, IC 5249, ESO138-G014 and ESO146-G014, the channel-width
and spacing was originally 3.298 km/s. However, since these galaxies are the
furthest, they also have the highest pc/arcsec scales (see Table 1.3), which
meant that the original beams were not fully resolving the inner disk. We
have therefore doubled the channel-width and spacing, lowering the noise and
thus enabling us to decrease the size of the beam, such that all have a FWHM
beam of ∼ 1 kpc. This failed for IC 2531, where the eﬀective noise was too
high for any practical purpose. The beam for that galaxy has now been set at
1.3 kpc. A similar problem occurred for IC 5249, where we now have set the
beam to a FWHM of 1.25 kpc.
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1.4.2 Analysis
The noise in a mosaicked cube varies with position. It is therefore important
to measure the noise as close to the galaxy as possible, while avoiding any
contamination from the galaxy. The region-mask oﬀered a good tool for this.
We combined all region-masks into a single master-mask, which deﬁned the
maximum extent of the region-masks. The noise was then measured on the
pixels in every channel that were part of the master mask, but were outside
the speciﬁc region of that channel. We show the noise estimates in Table
1.3. Following the results from Section 1.2, we present all results in Kelvin,
as this is the most natural unit in which we can identify self-absorption. We
convert from ﬂux density S in Jy/beam to surface brightness temperature
TB in Kelvin using Equation 1.4, and to column densities NHI in atoms/cm2







The central position and position angle (PA) were derived from the high-
resolution cubes. First, the cube was clipped below 30K, as the lower intensity
regions were often found to be asymmetrical. A clear example of this asymme-
try can be seen in IC 5052 (see Figure 1.4c). We then created a moment-zero
image of the cube. The center of the galaxy was found as the minimal χ2 of
the diﬀerence between the image and its 180◦ rotated counterpart, as trialed
over a wide range of positions. The position angle was then found by rotating
the galaxy over a range of possible angles around this central position. The
lowest χ2 between the rotated images and its upside-down ﬂipped counterpart
gave the position angle. We deﬁne the position angle such that the receding
side always becomes the left side, when rotating the image. The results for
this are accurate to within 0.1 pixel and 0.1 degree and are listed in Table 1.2.
These positions will only serve as ﬁrst-guess positions for the kinematic ﬁtting
in Chapter 3, and are thus not particularly important.
Both the high and low-resolution cubes were rotated, using the central position
and PA, such that the major axis of the galaxy was aligned with the horizontal
axis of the image. We created zeroth moment maps for both rotated cubes,
using two times the measured background noise σ for clipping. These cubes
are shown in the c panels of Figures 1.3-1.10. The high-resolution zeroth-
moment map was also used to create contour levels on top of the Digital Sky
Survey (DSS) J-band image of that region. These are shown in the a parts of
Figures 1.3-1.10.
As shown in Section 1.2, it is also interesting to compute the maximum-
brightness-temperature maps of the galaxies, as they are instrumental in de-
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tecting any potential optical depth issues. The cube was converted from inten-
sities I in mJy/beam to brightness temperatures TB in K, using Equation 1.4.
We created a maximum brightness temperature map by selecting the maxi-
mum temperature along the velocity axis v for each position (X, z). These
are shown in the top plot of the b parts of Figures 1.3-1.10. The middle plot
shows the maximum temperature along the above-the-plane height z for each
position (X, v). This creates an equivalent to a position-velocity diagram,
only here it shows the maximum brightness-temperature regardless of height
z. The lower panel takes the maximum brightness-temperature along both
v and z, and infers the corresponding optical depth, based on assumed spin
temperature of 150, 200 and 300 Kelvin. We chose the values to lie close to
the mean observed values for the cold neutral medium (CNM) (Dickey et al.
2009). As such, it forms a diagnostic tool for potential self-absorption is-
sues. We calculated the opacity τν using Equation 1.5, which is the inverse of
Equation 1.2,
τν = − ln (1− TB/Tspin) . (1.5)
The integrated position-velocity (XV) diagrams are shown in the d panels of
Figures 1.3-1.10. These have been created by integrating the rotated high-
resolution cubes along their minor axis and converting them to brightness
temperatures. The right-hand panels show the integrated spectra S(v), which
were created by integrating the XV-diagrams over the major axis. Similarly,
we show the brightness as function of major-axis position in the lower plots,
by integrating the XV diagrams over v.
The width of the proﬁle at the 20% and 50% maximum intensity levels, W20
and W50, were measured directly from S(v). These were based on the low-
resolution cubes, which were masked using the regions ﬁles. The integrated
ﬂux FI was also measured in this cube. We make no use of clipping, in contrast
to O’Brien et al. (2010a), as we wish to include all faint emission. The total
optically thin HI mass, MHI, was derived using
MHI = 2.343 · 105 ×D2 × FI , (1.6)
where the adopted distance D is in Mpc as shown in Table 1.2 (Draine 2011).
This value will represent only a lower limit to the true HI mass. The derived
values for FI, MHI , W20 and W50 are shown in Table 1.4.
The systematic velocity vsys was measured from the XV-diagram in a method
similar to the position ﬁnding. For a wide range of possible systemic velocities
vsys, the XV-diagram was rotated 180◦ around that velocity. The rotated XV-
diagram was subtracted from the original, with the lowest χ2 was adopted
for vsys. The maximum velocity vmax was calculated by locating the furthest
channel from vsys that still contained ﬂux above two times the σ background
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Galaxy vsys vmax W20 W50 FI MHI
[km/s] [km/s] [km/s] [km/s] [Jy km/s] [M⊙]
IC 2531 2463.8 260.5 484.8 468.3 41.7 7.3× 109
IC 5052 596.7 114.4 197.9 181.4 117.7 8.9× 108
IC 5249 2351.7 131.9 234.2 217.7 23.2 5.6× 109
ESO115-G021 514.2 85.1 141.8 125.3 109.0 6.2× 108
ESO138-G014 1492.3 130.9 237.5 227.6 48.9 2.9× 109
ESO146-G014 1678.8 84.1 148.4 128.6 17.5 1.9× 109
ESO274-G001 523.6 103.9 181.4 168.2 150.1 3.2× 108
UGC7321 409.3 128.8 237.0 221.6 41.7 9.8× 108
Table 1.4: Spectral properties of the galaxies
noise level. The results for vsys and vmax are also shown in Table 1.4. The
channel-maps are presented in Appendix 1.B.
1.5 Results
1.5.1 IC2531
Galaxy IC 2531 is the only Sc galaxy in our sample. The classiﬁcation is
diﬀerent from that of Bureau & Freeman (1999) and O’Brien et al. (2010a),
where the galaxy has been classiﬁed as a Sb galaxy. The classiﬁcation of Sb
occurs ﬁrst in Bureau & Freeman (1999), who note that this classiﬁcation was
not extremely accurate. As a Sc galaxy, it has the largest gas mass of the
sample, and has a maximum rotation velocity vmax which is twice as high
as the rest of the sample (Table 1.4). The HI layer is remarkably ﬂat, with
the disk seemingly having a smaller scale-height than the stellar disk (Figure
1.3a).
Based on the double horns in the integrated proﬁle, we would expect the galaxy
to be symmetric (Figure 1.3d). The XV-diagram itself is however asymmetric.
Interestingly, HIPASS also reports a more asymmetric proﬁle. The asymmetry
is also present in the analysis of the galaxy in O’Brien et al. (2010c, their Figure
15), where the two sides of the derived surface density can be seen to deviate
strongly.
The XV-diagram shows a so-called “ﬁgure 8”-pattern, for which Bureau &
Freeman (1997) suggest that it is due to an extended weak bar. This bar
did not show up in in the Hα analysis of Bureau & Freeman (1999), although
they suﬀered from background problems for this galaxy. This lack of detection
was not fully unexpected, as Bureau & Freeman (1997) already noted that the
ﬁgure extended over a very long range. Bureau & Freeman speculated that the
1.5: Results 19
ﬁgure might also be due to a warp, density ring or a spiral arm. Ann & Park
(2006) conﬁrmed the presence of a warp in this galaxy. We also think it more
likely that this pattern is associated with the warp and does not represent a
bar. The warp is visible in Figure 1.3c.
The XV-diagram is also asymmetric in the rotation curve. The receding side
shows a slowly increasing rotation curve, while the approaching side show a
sharp increase followed by a ﬂat rotation.
The maximum surface brightness temperature map (Figure 1.3b) shows a
strong central peak and some additional peaks. There does not appear to
be symmetry in the distribution of these peaks.
1.5.2 IC5052
IC 5052 is a nearby SBd galaxy. The bulge is clearly visible in Figure 1.4a. We
ﬁnd a previous unreported, line-of-sight warp in the outskirts of the galaxy.
This is particularly clear in the zeroth-moment map of the low resolution cube
(Figure 1.4c). Further modelling will be required to conﬁrm this as a true
warp, although this is beyond the scope of this project. For now, we note
that the channel maps, seen in Figures 1.13, 1.14, 1.15, are very similar to the
ﬁtted model of the line-of-sight warp in ESO123-G13 (Gentile et al. 2003).
The warp appears to be symmetric in pitch angle on either side of the galaxy,
although it is more extended towards the lower-left side. We have checked
various optical and infrared images, but we can ﬁnd no optical counterpart to
the warp.
The XV-diagram of this galaxy (Figure 1.4d) shows signs of this warp beyond
250 arcseconds. The main part of the proﬁle looks like a solid-body rotator.
The high- and low velocity sides are asymmetric, which is also clear from the
integrated proﬁle. The shape of the spectrum does agrees well with the proﬁle
from HIPASS.
The maximum surface brightness temperature proﬁle of Figure 1.4b shows a
plateau around 80-100 K for most of the inner part of the galaxy. Only the
central part shows a higher temperature, rising to a maximum of 140K. This
central over-density is also visible in the zeroth-moment maps (1.4c). O’Brien
et al. (2010a) identify this as a star-forming region.
1.5.3 IC5249
IC 5249 is the most distant galaxy in our sample, at a distance of 32Mpc. The
galaxy is only ﬁve arcminutes wide. The maximum S/N of the cube has not
been improved since O’Brien et al. (2010a), and is still around ten.
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The maximum temperatures exhibit a plateau between 80 and 100K, over
the radius -100 and 100 arcseconds, along most of the galaxy (Figure 1.5b).
Another plateau is visible in the integrated ﬂux along the major axis (1.5d),
wherein over that same region the intensity is seen to hover around 0.06 Jy km/s/arcsec.
The XV-diagram itself is slightly asymmetric, with the higher velocity side
having more mass than the low velocity side.
The rotation curve has been previously analyzed by van der Kruit et al. (2001)
using HI and Hα. They ﬁnd the galaxy to exhibit a steep rising rotation curve,
where after it ﬂattens out at vmax ≈ 100 km/s.
There is a faint indication of a warp, visible in the lower plot in Figure 1.5c.
1.5.4 ESO115-G021
ESO115-G021 is a nearby SBdm galaxy at a distance of only 4.9Mpc. A lot
of data was available, totaling to 83.5 hours of observation time. Due to this,
it is a very well resolved galaxy. The plane of the galaxy is resolved at over
80 beams and the galaxy covers 10 beams in height (see Figure 1.6a).
The derived spectrum is more symmetric than the HIPASS spectrum, which
has a larger peak at the high-velocity side. There is an external gas cloud
at 02:36:59 -61:18:41 visible in multiple channels. It shows in both the high
and low resolution cubes (Figure 1.6c) at position (180”, 300”). In the XV-
diagram (Figure 1.6d) it is visible as the small upward peak between 500 and
515 km/s. This close proximity to the galaxy in both velocity and distance
indicates the gas is associated with the galaxy. The gas cloud has an HI mass
of 3.75×105M⊙. The cloud is invisible in the DSS, I and V bands (see Chapter
4). The DSS image goes down to a limiting magnitude of 22.5R-mag/arcsec2,
which corresponds to an apparent magnitude of 15.5R-mag for the area of
∼ 600 arcsec2 that the cloud covers. This is equal to a solar luminosity of
∼ 2.84× 104 LR,⊙. The cloud thus has a mass-to-light ratio MHI/LR ≥ 13.3.
The XV-diagram (Figure 1.6d) shows an asymmetry, with the high velocity
side being more extended than the low velocity side. This is most likely due
to the warp, which is visible in the zeroth-moment maps (Figure 1.6c). The
main component of the XV-diagram shows solid body rotation.
The maximum temperature map (Figure 1.6b) shows that this warp has a
surface brightness of 20-30K. The more stable inner parts of the disk show a
maximum temperature plateau around 80-90K, with the strong exception of
the region between 0” and +50”, where there is a rise to a maximum of 140
K. This region corresponds to a bright region of the DSS image.
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1.5.5 ESO138-G014
Galaxy ESO138-G014 has the least observing time of all the galaxies in our
sample. Nevertheless, the galaxy is well resolved by the telescope. The minor
axis of the galaxy is covered by roughly six beams.
The XV-diagram (1.7d) is asymmetric, with the receding side showing an
extended component. This is associated with a warp, as visible in Figure 1.7c.
No optical counterpart to this warp is known (Sánchez-Saavedra et al. 2003).
The maximum brightness temperature map forms a plateau throughout most
of the galaxy, averaging between 80 and 100K (Figure 1.7b). The only excep-
tion is at the left side, where a peak of 140K is attained. This corresponds to
the bright region in the south-west region in the DSS image (Figure 1.7a).
1.5.6 ESO146-G014
Galaxy ESO146-G014 is the faintest galaxy in our sample. The moment-zero
maps (Figure 1.8b) show that the galaxy does not appear to have a ﬁxed plane.
Instead it looks slightly bent. This is most likely due a strong warp, which
can also be seen in the visible in the DSS J-band image (Figure 1.8a).
The XV-diagram (Figure 1.8d) looks symmetrical, although the integrated
spectrum is more asymmetric than the HIPASS spectrum, with a stronger
peak at the low-velocity side. Overall, the galaxy appears to exhibit solid-
body rotation.
The maximum surface brightness temperatures appear to form a plateau over
the major part of the galaxy, averaging around 90K (Figure 1.8b). On the
left-hand side of the galaxy, this maximum drops relatively slowly towards the
warp.
1.5.7 ESO274-G001
ESO274-G001 is a SAd galaxy. At only 3.02Mpc, it is the closest galaxy in
our sample. It is also has the lowest HI mass of the galaxies in our sample
(Table 1.4). Due to its proximity, it is still the largest galaxy in terms of
angular size, spanning 13 arcminutes in width. In height, it is also very well
resolved, covering at least 80 arcseconds.
The central hole in the zeroth-moment image (Figure 1.9a) is an artefact, due
to the removal of a continuum radio source at this coordinate. The most likely
explanation is an active galactic nucleus (AGN). It is likely at the galactic
center (see Table 1.2) and we have therefore manually centered the galaxy on
this position.
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AGN are known to exert strong inﬂuence on the ISM of the galaxy (e.g.
Shulevski et al. (2012) and references therein). It is therefore interesting to
note how regular the HI disk is, both in the zeroth-moment as in maximum-
temperature maps. Most of the inner disk has a maximum surface brightness
temperature that forms a remarkably ﬂat plateau between 80 and 100K (Fig-
ure 1.9b). The galaxy is barely visible in most optical and infrared bands,
indicating the presence of only little stellar mass. This may explain why the
gas is relatively undisturbed, in comparison with our other galaxies. The
galaxy is known to have modest star formation at 1.5 × 10−2 M⊙ per year
(Côté et al. 2009).
There is a warp visible beyond ∼ 280 arcsec on both sides of the galaxy (Figure
1.9c). The XV-diagram is slightly asymmetric, with more gas at the low
velocity side. This is also visible in the integrated proﬁles (Figure 1.9d). The
shape of the spectrum matches well to HIPASS, although it is more symmetric.
1.5.8 UGC7321
UGC7321 is a well-known low surface brightness galaxy, which has already
been studied using the Westerbork Synthesis Radio Telescope (WSRT) by
García-Ruiz et al. (2002) and the VLA by Uson & Matthews (2003). The
observations by Uson & Matthews (2003) form the basis of our work here. In
terms of noise levels, it is the best-resolved galaxy in our sample. It is also
our only northern-sky galaxy.
The zeroth-moment map in Figure 1.10c shows a well-behaved, symmetric
galaxy. Only at large radii is there some indication of warping, a feature
already noted by Matthews & Wood (2003), who also notes it is ﬂaring. Ad-
ditionally, they ﬁnd evidence that suggests the presence of an HI halo. We
believe that this halo might be visible as the extended structure on the lower
ﬁgure, between 0 and 110 arcseconds.
The XV-diagram of the galaxy is asymmetric. The receding side looks more
like a ﬂat rotation curve than the approaching side, which continue to rise
over much of the galaxy.
The maximum surface brightness map shows a clear central peak and two
additional peaks around 100 arcseconds (Figure 1.10b). These peaks appear
to be symmetric around the center of the galaxy. The rest of the galaxy forms
a plateau, around 60K. We again see that the maximum temperature trails
slowly oﬀ into the warp on the right-hand side.
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1.6 Discussion
The beam of the high resolution cubes is on average 1-2” larger than O’Brien
et al. (2010a) (Table 1.3). This is due to most of the new observations being
taken in tight baseline conﬁgurations. There are therefore more short base-
lines. The weight in the UV-plane shifts to slightly smaller scales, resulting
in larger beams. The eﬀect is small enough to be of little importance to this
work. In the high resolution cubes, the noise is signiﬁcantly lower, thanks to
the additional observations and larger beams. Where no additional observa-
tions were available, the noise is (as expected) roughly equal.
Overall, there is good agreement with O’Brien et al. (2010a) on the derived
central positions, even though we include more faint extended emission in our
measurements. The biggest oﬀset is in ESO138-G014 (see Figure 1.7c), where
the non-symmetric warp is aﬀecting the position estimate. The position angles
however do agree well, except that in some cases we have added an additional
180◦ because we align the galaxies such that the approaching side is aligned
to the right-hand side. Similarly, the systemic velocities vsys and associated
parametersW20,W50 and vmax are all well determined. Kinematic modelling
will have to be performed to ﬁnd the true center of each galaxy, the derived
values here will only serve as ﬁrst estimates for the subsequent analysis in
Chapter 3.
We have also compared the integrated ﬂux FI with the HIPASS catalogue
(Doyle et al. 2005) and the work by O’Brien et al. (2010a). In general our
results match well to HIPASS. ESO274-G001 has the largest diﬀerence, with
25 mJy km/s more detected here than in HIPASS. The other major diﬀerences
are for ESO115-G021 with a diﬀerence of 19mJy km/s, and IC 5052 with a
diﬀerence of 7mJy km/s. Both have again more ﬂux in our work.
These three galaxies are the largest in the sample. The Parkes single dish
beam has a angular resolution of 15.5 arcminutes. Most likely, the Parkes
beam fails to cover the entire galaxy, missing the outskirts and is therefore
getting a lower total ﬂux. With that correction in mind, each data cube has
successfully recovered all ﬂux from HIPASS.
O’Brien et al. (2010a) report very diﬀerent values for FI. Most striking is
IC 5052, where only 37.9mJy km/s is reported, against 117.7mJy km/s here.
It is unclear to us why O’Brien et al. (2010a) often reports very diﬀerent
values. Most likely, it has to do with the masking of extended emission in
their work.
As noted before, the distances to the galaxies are assumed further than in
O’Brien et al. (2010a). This revision is mostly due to new observations, which
use the tip of the red giant branch or the Tully-Fisher relation. This allows
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us to use cosmology independent distances for all galaxies. That change, plus
the higher values for FI, combine to have a large impact on the induced total
mass MHI of the galaxy. Most galaxies now have estimated masses anywhere
between 20 and 300% higher.
All eight of our galaxies shows signs of warping. This is consistent with the
work by García-Ruiz et al. (2002), who found that all galaxies with extended
HI disk have warps. All of the warps occur at or just beyond the visible
stellar disk, similar to the ﬁndings by van der Kruit (2007). The only possible
exception to this rule could be ESO146-G14, which seems to have the stellar
disk embedded in the warp (see Figure 1.8a) However, the overall HI layer
appears to be bent in this galaxy, with the gas not following a single plane.
It could therefore well be that we are dealing with a projection eﬀect by the
warp, where the true HI disk still forms a single plane.
1.6.1 Self-absorption
As we pointed out in Section 1.2, the 21-cm line of HI is known to be optically
thick along many sight lines in our own (edge-on) Galaxy (Allen et al. 2012),
and similar results have been found in M31 and M33 (Braun 2012). Such self-
absorption of theHI emission not only biases the total hydrogen masses, it also
raises questions about the use of the HI velocity structure for studies of the
gas kinematics. Nowhere are the answers to such questions more urgent than
in the study of highly inclined galaxies, where techniques have been proposed
to “peel oﬀ” the edges of the observed HI in order to expose the detailed
velocity dispersion of the ISM over large segments of the galaxy disks in both
R and z (O’Brien et al. 2010b).
If a moderately inclined galaxy like M31 hides 34% of its HI mass (Braun
2012), what is the eﬀect on edge-on galaxies? In the neutral hydrogen, the
dominating factor for self-absorption would be the spin temperature of the cold
neutral medium, which would serve as an upper limit to the observable surface
brightness temperature. Consider now the maximum surface brightness maps
for ESO274-G001 (Figure 1.9b). There is a clear plateau around 90 Kelvin
throughout almost the entire galaxy. At the outskirts the line of sight are
much shorter than near the inner parts, yet the observed peak temperature
remains stable. A similar behavior can be seen in all other galaxies in our
sample. As a case of even shorter path-lengths, consider Allen et al. (2012,
Figure 3), where a ’mini-survey’ has been performed of HI , OH and CO at 30’
resolution inside the Galaxy. The observed gas is local, within about 2 kpc of
the sun. The peak temperature of the HI is again 90K, only this time we are
seeing the individual clouds. Why would such diﬀerent path-lengths always
result in the same brightness temperature?
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The traditional view is that at these brightness temperatures, column densi-
ties are reached at which the atomic gas starts to be converted into molecular
gas, thus providing a natural threshold to the observed temperatures (Stecher
& Williams 1967; Hollenbach et al. 1971; Federman et al. 1979). However,
a column density is an artiﬁcial construct based on the position of the ob-
server, and as such, the gas cannot be expected to conform to it. A volume
density threshold would seem to be a much more physically relevant quantity.
However, since the path lengths between the local HI clouds from Allen et al.
(2012) and the central parts of the edge-on galaxies presented here vary over
roughly two orders of magnitude, the volume and the inferred density are also
likely to vary in the same way. Any volume density threshold would seem
to have diﬃculty explaining the close similarities in the maximum brightness
temperatures.
Opacity however can explain this naturally, as we demonstrated in Section
1.2. The brightness temperature of 90 Kelvin is in the same range as the
median spin temperature (Dickey & Lockman 1990; Dickey et al. 2009; Draine
2011). 90K is then the maximum attainable temperature before the gas turns
optically thick. We are thus seeing optically thick gas in Allen et al. (2012).
In Figure 1.9b, the path-lengths have become so long compared to the sizes of
the clouds, that each line is bound to hit an optically thick cloud. Considering
the radii at which these can be seen, a lot more than 30% of the galaxy HI
mass could be hidden in and behind these clouds.
The self-absorption will also inﬂuence the observed kinematics and structure
of the disk. As the brightest parts are of the gas are scaled down by the self-
absorption, a ﬁt to the thickness of the disk can be deceived into detecting
a thicker disk than is actually present. Similarly the velocity dispersion can
appear larger than it would have been had the gas been optically thin. Because
of these issues, we do not model the galaxies in this chapter, but will ﬁrst
spend the next chapter on the development of software that can treat for
self-absorption.
1.7 Summary
In summary, four of the eight galaxies presented galaxies, UGC7321, ESO115-
G021, ESO274-G001 and IC 5052, are so large and nearby that their disk are
well resolved at very high signal to noise. ESO138-014 and ESO146-G014
have also been well resolved, but with a reduced velocity resolution. IC 2531
and IC 5249 only have their outer disks resolved. We detect clear sign of
self-absorption in all of these galaxies.
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1.A Main Images and Tables
Galaxy Date Telescope Array Project Observer Integration
ID time [hr]
IC 2531 17-10-1992 ATCA 6C C212 Carignan 7.5
IC 2531 06-04-1996 ATCA 6A C529 Bureau 9.9
IC 2531 13-09-1996 ATCA 6B C529 Bureau 10.0
IC 2531 07-03-1997 ATCA 1.5D C529 Bureau 9.1
IC 2531 12-01-2002 ATCA 750A C894 O’Brien 9.4
IC 2531 17-01-2002 ATCA 750A C894 O’Brien 1.9
Total: 47.7
IC 5052 17-10-1992 ATCA 6C C212 Carignan 9.9
IC 5052 11-02-2001 ATCA 375 C934 Ryan 1.6
IC 5052 13-04-2001 ATCA 750D C934 Ryan 1.9
IC 5052 25-02-2002 ATCA 1.5A C894 O’Brien 6.7
IC 5052 01-12-2002 ATCA 6A C894 O’Brien 10.5
IC 5052 03-02-2003 ATCA 750D C894 O’Brien 2.5
IC 5052 18-04-2005 ATCA 1.5A CX086 Dahlem 1.4
IC 5052 19-04-2005 ATCA 750A CX086 Dahlem 5.7
IC 5052 23-04-2005 ATCA 750A CX086 Dahlem 2.8
IC 5052 07-06-2005 ATCA EW367 C1341 Koribalski 9.0
IC 5052 08-06-2005 ATCA EW367 C1341 Koribalski 1.3
IC 5052 15-06-2005 ATCA 6B CX086 Dahlem 3.8
IC 5052 09-07-2005 ATCA H75 C1341 Koribalski 0.5
IC 5052 12-07-2006 ATCA 750B C1341 Koribalski 11.3
IC 5052 20-11-2006 ATCA 1.5B C1341 Koribalski 6.7
Total: 75.5
IC 5249 18-10-1992 ATCA 6C C212 Carignan 11.1
IC 5249 14-12-2002 ATCA 6A C894 O’Brien 6.2
IC 5249 28-11-2002 ATCA 6A C894 O’Brien 13.4
IC 5249 03-02-2003 ATCA 750D C894 O’Brien 8.0
IC 5249 20-03-2003 ATCA EW352 CX043 Dahlem 0.6
IC 5249 21-03-2003 ATCA EW352 CX043 Dahlem 1.6
IC 5249 22-03-2003 ATCA EW352 CX043 Dahlem 0.4
Total: 41.2
ESO115-G021 07-10-1993 ATCA 1.5D C073 Walsh 0.9
ESO115-G021 22-05-1995 ATCA 1.5B C073 Walsh 1.7
ESO115-G021 23-06-1995 ATCA 750B C073 Walsh 7.0
ESO115-G021 08-09-2002 ATCA 6C C894 O’Brien 6.5
ESO115-G021 03-12-2002 ATCA 6A C894 O’Brien 10.1
ESO115-G021 13-12-2002 ATCA 6A C894 O’Brien 5.7
ESO115-G021 16-01-2005 ATCA 750B C1012 Hoegaarden 11.2
ESO115-G021 09-02-2005 ATCA EW352 C1341 Koribalski 10.1
ESO115-G021 09-07-2005 ATCA H75 C1341 Koribalski 0.6
ESO115-G021 24-11-2005 ATCA 1.5C C1341 Koribalski 9.3
ESO115-G021 31-01-2006 ATCA 750D C1341 Koribalski 10.3
ESO115-G021 11-01-2009 ATCA 6C C1341 Koribalski 10.1
Total: 83.5
Table 1.5: Details on the HI observations
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Galaxy Date Telescope Array Project Observer Integration
ID time [hr]
ESO138-G014 08-11-2002 ATCA 1.5A C894 O’Brien 10.4
ESO138-G014 29-11-2002 ATCA 6A C894 O’Brien 9.8
ESO138-G014 10-03-2011 ATCA 1.5A C2422 Peters 5.0
Total: 25.2
ESO146-G014 27-12-2000 ATCA 750C C894 O’Brien 10.4
ESO146-G014 11-01-2001 ATCA 750C C894 O’Brien 1.6
ESO146-G014 31-07-2001 ATCA 1.5A C894 O’Brien 7.6
ESO146-G014 17-01-2002 ATCA 750A C894 O’Brien 1.4
ESO146-G014 27-01-2002 ATCA 6B C894 O’Brien 10.5
ESO146-G014 14-04-2002 ATCA 6A C894 O’Brien 10.2
Total: 41.7
ESO274-G001 29-08-1993 ATCA 1.5B C073 Walsh 5.8
ESO274-G001 07-10-1993 ATCA 1.5D C073 Walsh 6.5
ESO274-G001 28-11-2002 ATCA 6A C894 O’Brien 9.6
ESO274-G001 23-02-2006 ATCA EW367 C1341 Koribalski 8.1
ESO274-G001 15-06-2006 ATCA 1.5D C1341 Koribalski 10.2
ESO274-G001 08-10-2006 ATCA H75 C1341 Koribalski 5.0
ESO274-G001 23-01-2007 ATCA 750A C1341 Koribalski 10.1
ESO274-G001 18-01-2011 ATCA 6.0A C2422 Peters 1.6
ESO274-G001 11-03-2011 ATCA 1.5B C2422 Peters 9.8
Total: 66.9
UGC7321 26- & 30-05-2000 VLA C AM649 Matthews 16.0
Total: 16.0
Table 1.6: Details on the HI observations (resumed)


































































































































































































































Figure 1.3: Overview of the neutral hydrogen contents of IC 2531. 1.3a: DSS1
overlaid with contours from the HI moment 0 map in [K/(km/s)]. 1.3b: Top panel
shows the maximum temperature along v. The middle panel shows the maximum
temperature along z with the same color scale. The lower plot maximum temperature
along v and z and shows the inferred self-absorption for that position, assuming a spin
temperature of 125 K. 1.3c: Top panel shows the moment 0 for the high-resolution
cube in [K/(km/s)]. Lower plot shows the moment 0 for the low-resolution cube.
1.3d: Middle panel shows the PV-diagram. Right-top panel shows the integrated ﬂux
per velocity. The red dashed line shows vsys. The lower plot shows the integrated ﬂux
per position along the major axis.





























































































































































































































Figure 1.4: Overview of the neutral hydrogen contents of IC 5052. 1.4a: DSS1
overlaid with contours from the HI moment 0 map in [K/(km/s)]. 1.4b: Top panel
shows the maximum temperature along v. The middle panel shows the maximum
temperature along z with the same color scale. The lower plot maximum temperature
along v and z and shows the inferred self-absorption for that position, assuming a spin
temperature of 125 K. 1.4c: Top panel shows the moment 0 for the high-resolution
cube in [K/(km/s)]. Lower plot shows the moment 0 for the low-resolution cube.
1.4d: Middle panel shows the PV-diagram. Right-top panel shows the integrated ﬂux
per velocity. The red dashed line shows vsys. The lower plot shows the integrated ﬂux
per position along the major axis.



























































































































































































































Figure 1.5: Overview of the neutral hydrogen contents of IC 5249. 1.5a: DSS1
overlaid with contours from the HI moment 0 map in [K/(km/s)]. 1.5b: Top panel
shows the maximum temperature along v. The middle panel shows the maximum
temperature along z with the same color scale. The lower plot maximum temperature
along v and z and shows the inferred self-absorption for that position, assuming a spin
temperature of 125 K. 1.5c: Top panel shows the moment 0 for the high-resolution
cube in [K/(km/s)]. Lower plot shows the moment 0 for the low-resolution cube.
1.5d: Middle panel shows the PV-diagram. Right-top panel shows the integrated ﬂux
per velocity. The red dashed line shows vsys. The lower plot shows the integrated ﬂux
per position along the major axis.























































































































































































































Figure 1.6: Overview of the neutral hydrogen contents of ESO115-G021. 1.6a:
DSS1 overlaid with contours from the HI moment 0 map in [K/(km/s)]. 1.6b: Top
panel shows the maximum temperature along v. The middle panel shows the maximum
temperature along z with the same color scale. The lower plot maximum temperature
along v and z and shows the inferred self-absorption for that position, assuming a spin
temperature of 125 K. 1.6c: Top panel shows the moment 0 for the high-resolution
cube in [K/(km/s)]. Lower plot shows the moment 0 for the low-resolution cube.
1.6d: Middle panel shows the PV-diagram. Right-top panel shows the integrated ﬂux
per velocity. The red dashed line shows vsys. The lower plot shows the integrated ﬂux
per position along the major axis.












































































































































































































































Figure 1.7: Overview of the neutral hydrogen contents of ESO138-G014. 1.7a:
DSS1 overlaid with contours from the HI moment 0 map in [K/(km/s)]. 1.7b: Top
panel shows the maximum temperature along v. The middle panel shows the maximum
temperature along z with the same color scale. The lower plot maximum temperature
along v and z and shows the inferred self-absorption for that position, assuming a spin
temperature of 125 K. 1.7c: Top panel shows the moment 0 for the high-resolution
cube in [K/(km/s)]. Lower plot shows the moment 0 for the low-resolution cube.
1.7d: Middle panel shows the PV-diagram. Right-top panel shows the integrated ﬂux
per velocity. The red dashed line shows vsys. The lower plot shows the integrated ﬂux
per position along the major axis.






























































































































































































































Figure 1.8: Overview of the neutral hydrogen contents of ESO146-G014. 1.8a:
DSS1 overlaid with contours from the HI moment 0 map in [K/(km/s)]. 1.8b: Top
panel shows the maximum temperature along v. The middle panel shows the maximum
temperature along z with the same color scale. The lower plot maximum temperature
along v and z and shows the inferred self-absorption for that position, assuming a spin
temperature of 125 K. 1.8c: Top panel shows the moment 0 for the high-resolution
cube in [K/(km/s)]. Lower plot shows the moment 0 for the low-resolution cube.
1.8d: Middle panel shows the PV-diagram. Right-top panel shows the integrated ﬂux
per velocity. The red dashed line shows vsys. The lower plot shows the integrated ﬂux
per position along the major axis.

















































































































































































































Figure 1.9: Overview of the neutral hydrogen contents of ESO274-G001. 1.9a:
DSS1 overlaid with contours from the HI moment 0 map in [K/(km/s)]. 1.9b: Top
panel shows the maximum temperature along v. The middle panel shows the maximum
temperature along z with the same color scale. The lower plot maximum temperature
along v and z and shows the inferred self-absorption for that position, assuming a spin
temperature of 125 K. 1.9c: Top panel shows the moment 0 for the high-resolution
cube in [K/(km/s)]. Lower plot shows the moment 0 for the low-resolution cube.
1.9d: Middle panel shows the PV-diagram. Right-top panel shows the integrated ﬂux
per velocity. The red dashed line shows vsys. The lower plot shows the integrated ﬂux
per position along the major axis.


























































































































































































Figure 1.10: Overview of the neutral hydrogen contents of UGC7321. 1.10a: DSS1
overlaid with contours from the HI moment 0 map in [K/(km/s)]. 1.10b: Top panel
shows the maximum temperature along v. The middle panel shows the maximum
temperature along z with the same color scale. The lower plot maximum temperature
along v and z and shows the inferred self-absorption for that position, assuming a spin
temperature of 125 K. 1.10c: Top panel shows the moment 0 for the high-resolution
cube in [K/(km/s)]. Lower plot shows the moment 0 for the low-resolution cube.
1.10d: Middle panel shows the PV-diagram. Right-top panel shows the integrated
ﬂux per velocity. The red dashed line shows vsys. The lower plot shows the integrated
ﬂux per position along the major axis.























































































































































































Figure 1.11: Channelmaps for IC 2531, 2200.0 to 2608.9 km/s. Every second
channel is shown. Left panels: high-resolution cube, right panels: low-resolution
cubes. Red circles in ﬁrst panels denote the beamsizes. Coordinates are in arcsec.








































































































Figure 1.12: Channelmaps for IC 2531, 2622.1 to 2740.8 km/s. Every second
channel is shown. Left panels: high-resolution cube, right panels: low-resolution






































































































































Figure 1.13: Channelmaps for IC 5052, 479.0 to 577.9 km/s. Every second channel
is shown. Left panels: high-resolution cube, right panels: low-resolution cubes. Red
circles in ﬁrst panels denote the beamsizes. Coordinates are in arcsec.





































































































































Figure 1.14: Channelmaps for IC 5052, 584.5 to 683.5 km/s. Every second channel
is shown. Left panels: high-resolution cube, right panels: low-resolution cubes. Red



































































































Figure 1.15: Channelmaps for IC 5052, 690.1 to 696.7 km/s. Every second channel
is shown. Left panels: high-resolution cube, right panels: low-resolution cubes. Red
circles in ﬁrst panels denote the beamsizes. Coordinates are in arcsec.















































































Figure 1.16: Channelmaps for IC 5249, 2200.0 to 2345.2 km/s. Every second
channel is shown. Left panels: high-resolution cube, right panels: low-resolution
















































































Figure 1.17: Channelmaps for IC 5249, 2358.4 to 2477.2 km/s. Every second
channel is shown. Left panels: high-resolution cube, right panels: low-resolution
cubes. Red circles in ﬁrst panels denote the beamsizes. Coordinates are in arcsec.
































































































































































Figure 1.18: Channelmaps for ESO115-G021, 422.6 to 607.2 km/s. Every second
channel is shown. Left panels: high-resolution cube, right panels: low-resolution cubes.






























































































































Figure 1.19: Channelmaps for ESO138-G014, 1300.0 to 1669.4 km/s. Every sec-
ond channel is shown. Left panels: high-resolution cube, right panels: low-resolution
cubes. Red circles in ﬁrst panels denote the beamsizes. Coordinates are in arcsec.
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Figure 1.20: Channelmaps for ESO146-G014, 1565.0 to 1776.1 km/s. Every sec-
ond channel is shown. Left panels: high-resolution cube, right panels: low-resolution


















































































































Figure 1.21: Channelmaps for ESO274-G001, 429.6 to 541.7 km/s. Every second
channel is shown. Left panels: high-resolution cube, right panels: low-resolution cubes.
Red circles in ﬁrst panels denote the beamsizes. Coordinates are in arcsec.

















































































































Figure 1.22: Channelmaps for ESO274-G001, 548.3 to 627.5 km/s. Every second
channel is shown. Left panels: high-resolution cube, right panels: low-resolution cubes.


































































































































Figure 1.23: Channelmaps for UGC7321, 275.3 to 512.3 km/s. Every second
channel is shown. Left panels: high-resolution cube, right panels: low-resolution
cubes. Red circles in ﬁrst panels denote the beamsizes. Coordinates are in arcsec.

































































































































Figure 1.24: Channelmaps for UGC7321, 522.6 to 533.0 km/s. Every second
channel is shown. Left panels: high-resolution cube, right panels: low-resolution
cubes. Red circles in ﬁrst panels denote the beamsizes. Coordinates are in arcsec.
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2
The Galactus HI Modelling & Fitting Tool
S.P.C. Peters, P.C. van der Kruit, R.J. Allen and
K.C. Freeman
We present a new HI modelling tool called Galactus. The program
has been designed to perform automated ﬁts of disk-galaxy models
to observations, It includes a treatment for the self-absorption of
the gas. The software has been released into the public domain. We
describe the design philosophy and inner workings of the program.
After this, we model the face-on galaxy NGC2403, using both self-
absorption and optically thin models, showing that even in face-on
galaxies self-absorption is present. These results are then used to
model an edge-on galaxy. It is shown that the maximum surface
brightness plateaus seen in the previous chapter are indeed signs
of self-absorption. The apparent HI mass of an edge-on galaxy can
be drastically lower compared to that same galaxy seen face-on.




Modelling of the distribution and kinematics of the neutral hydrogen in galax-
ies beyond our own, and the most nearby systems M31 and M33, took oﬀ
in the 1970s, with the addition of spectroscopic capability to the Westerbork
Radio Synthesis Telescope (Allen et al. 1974). This new tool gave observers
suﬃcient spatial and velocity resolution to resolve the HI structure and kine-
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matics for a large number of galaxies. In edge-on galaxies, it thus became
possible to trace the outer envelope of the position-velocity (XV) diagram in
order to get the rotation curve of the galaxy (Sancisi & Allen 1979). Various
strategies for this exist, such as ﬁtting for the peak intensity (e.g. Rubin et al.
1985) or ﬁtting a one-dimensional Gaussian with ﬁxed velocity dispersion to
the outer edge of the XV-diagram (e.g. García-Ruiz et al. 2002). We refer
the reader to O’Brien et al. (2010b) for a detailed treatment on the various
methods for deriving the rotation curve from a XV-diagram.
For face-on galaxies, ﬁtting the structure and kinematics was ﬁrst done by
modelling the zeroth and ﬁrst-moments maps, based on the channel maps in
the radio cube. These gave rise to the famous spider diagrams, in which the
iso-velocity contours showed the mean velocity of the gas at each position in
the galaxy (Rogstad & Shostak 1971). With the assumption of a thin disk,
it is then possible to measure the rotation of the gas in rings centered on
the galaxy. The position angle and inclination could be varied as function
of the rings, leading to the so-called tilted-ring models. This method was
developed by Rogstad et al. (1974), who used it to model the peculiar velocity
ﬁeld of galaxy M83, and found the presence of a warp. This method proved
quite successful at modelling galaxies. It has been extended by many authors
into many software packages (Begeman 1987; Schoenmakers 1999; Spekkens
& Sellwood 2007; Krajnović et al. 2006). We refer to Józsa et al. (2007) for a
detailed discussion on tilted-ring ﬁtting to velocity ﬁelds.
The ever-continuing technological improvements led to ever-higher quality ob-
servations, which led to ever better resolved galaxies, both spatially as well as
in velocity. A natural consequence of this was the attempt to model the radio
cube itself. This was ﬁrst attempted by Irwin & Seaquist (1991, 1993), who
developed the Cubit code1. Cubit oﬀers the user parameterized functions,
which could be automatically ﬁt to the galaxy. The program has later been
expanded to ﬁt more properties of galaxies (Irwin 1994).
Another software package is theGipsy package galmod, designed by T.S. van Al-
bada and F.J. Sicking (van der Hulst et al. 1992). Based on a tilted-ring
geometry, galmod randomly projects a very large amount of ‘clouds’ in the
radio cube. As these clouds follow the speciﬁed kinematics and distribution,
after suﬃcient samples have been drawn, the radio cube has been built and
the only task remaining is scaling the cube to the desired intensity. Galmod
does not support automatic ﬁtting and users thus have to ﬁt a cube using the
hand-and-eye strategy.
TiRiFiC2 is another code, which can automate the ﬁt to a cube (Józsa
1 Which can be found at http://www.astro.queensu.ca/~irwin/
2 Currently available at http://www.astron.nl/~jozsa/tirific/index.html
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et al. 2007). It is based on a tilted-ring model, but is expanded compared
to galmod, to account for inhomogeneity in galaxy disks. Recently, it has
used to ﬁt features resembling spiral arms in edge-on galaxies (Kamphuis et al.
2013).
Finally, we note the GalAPAGOS project, which can automatically ﬁt ro-
tation curves in galaxies (Wiegert 2011). Out of all software codes currently
publicly available, TiRiFiC seems to be the only one under active develop-
ment.
In Chapter 1 we presented the HI observations for eight edge-on galaxies. One
of the key conclusions of that chapter was that self-absorption could well play
an important role. The eﬀect of HI self-absorption has long been a topic of
concern, for example in the work by Sancisi & Allen (1979), yet in most of the
publications featuring models of neutral hydrogen in galaxies, the assumption
remains that of an optically thin gas.
None of the above software packages supports modelling of self-absorption of
the gas. This, combined with some other research questions we had concern-
ing the neutral hydrogen, such as the behavior of the velocity dispersion as
function of height above the plane, led us to develop a new tool for generating
radio cubes that could treat for self-absorption. Rather than using a tilted-ring
model, we model the galaxy as a single plane on which harmonic oﬀsets above
or below the central plane represent the warps. The code was developed in the
Python and C++ programming languages, with the computationally most
intensive parts implemented as multi-threaded. The software is called Galac-
tus. It has been publicly released under an open-source license and is listed in
the Astrophysics Source Code Library as Peters (ascl.net/1303.018, 2013).
The code can be downloaded at http://sourceforge.net/p/galactus/.
The purpose of this chapter is twofold. In Section 2.2, we present the inner
workings of Galactus. Section 2.3 discusses some important features of the
tool in more detail. In Section 2.4, we explore the eﬀective spin temperature
in more detail. We test the program on face-on galaxy NGC2403 in Section
2.5, using both an optically thin and a self-absorbing model. In Section 2.6,
the ﬁts from NGC2403 are projected to an edge-on galaxy to show that the
maximum surface brightness proﬁles seen in the previous chapter should indeed
have been higher. We test how self-absorption can lower the apparent total HI
mass, depending on the inclination, in Section 2.7. The Tully-Fisher is shown
to be independent of HI self-absorption, in Section 2.8. Finally, we summary
the chapter in Section 2.9.
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2.2 Galactus Design
In this section, we discuss how Galactus generates a radio cube. This gener-
ation consists of two steps. In the ﬁrst phase, the program creates a 3D model
of the galaxy, while the second phase performs the radiative transfer through
this model.
To generate the model the software creates a three dimensional grid. The
ﬁrst two axes are aligned with, and have the same lengths as, the horizontal
and vertical axes of the radio cube channels1. The third axis does not denote
velocity, but represents the physical depth. The length of the third axis is the
same as the horizontal axis of the radio cube2.
Each position in this model is a three dimensional pixel, also known as a
volumetric pixel, or voxel for short. These voxels all represent a small volume
of the galaxy. Since the voxels are perfectly aligned with the radio cube
channels, calculating the brightness of each pixel in a channel can be done by
performing the radiative transfer along the depth axis of the voxels associated
with that pixel.
Each voxel is assigned coordinates x, y and z. These are initially aligned with
the horizontal, vertical and depth axis. We will subsequently bend and twist
these coordinates to match the position and angle of the galaxy as seen in the
cube. We emphasize however that these are internal coordinates, the grid of
voxels itself does not change and always remains aligned with the radio cube.
The internal coordinates will represent the coordinate system of the galaxy in
question.
2.2.1 Generating the Galaxy Coordinate System
We start with the coordinates x, y, z assigned to the grid of voxels3. We ﬁrst







When performing a ﬁt, the actual galaxy is often not perfectly aligned with
the center of the radio-cube. It is thus necessary to shift the coordinates,
1 Note that we assume the size of the pixel is not frequency dependent. This is not true
by default for radio cubes created using Miriad.
2 When modelling only one side of a galaxy, this length is doubled.
3 As an aid to understanding the coordinate system, we illustrate the steps these equations
perform in Figure 2.1.



























































































Figure 2.1: A cartoon illustrating the generation of the galaxy coordinate system.
The model demonstrate the generation of an edge-on galaxy at a position angle of
135◦. The boxes on each side represent the outer edges of the voxels. From top-
left to bottom-right: The initial coordinate system. Centering the coordinate system
(Equation 2.1). The shift parameters can be used to move the central position of the
galaxy along the horizontal and vertical axes (Equation 2.2). The position angle is
applied by rotating along the z axis (Equation 2.3). The inclination is applied by
rotating along the y axis (Equation 2.4). In the ﬁnal step, we switch to cylindrical
coordinates.

















x cos(PA)− y sin(PA)
x sin(PA) + y cos(PA)
)
. (2.3)






x cos(i) + z sin(i)
−x sin(i) + z cos(i)
)
. (2.4)
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We can now convert to the ﬁnal cylindrical coordinates system that will be









Warps are known to exist in many galaxies, yet the actual physics is not well
understood. The traditional way of dealing with warps is by applying a tilted-
ring model. This is however impossible in our case, as the tilted-ring model
does not map all coordinates to a unique physical position. Some voxels would
then be mapped to multiple values of R simultaneously, which is undesirable.
We thus choose a diﬀerent strategy to account for warps. Following Binney &
Tremaine (1987), we deﬁne a warp as a harmonic oscillation along the disk, in
which the mid-plane z = 0 is raised, or lowered, above the initial mid-plane,
as we go around the galaxy following θ. The warp itself has a maximum
amplitude which is described by super-function zwarp(R) (see Section 2.2.6),
which occurs at pitch angle θwarp. We do not account for radial changes in
pitch angle, so θwarp is a single value. Then
z = z + zwarp(R)× cos(θ + θwarp) . (2.6)
2.2.2 Generating the Physics
At this point, we have successfully generated the coordinates for the galaxy.
The next steps is to calculate the actual physical properties for each voxel.
First, the line-of-sight velocity vobs is calculated, based on rotation velocity
vrot and systemic velocity vsys. The rotation velocity vrot, along with the scale-
height of the disk z0(r), velocity dispersion σ(R) and face-on surface density
AHI (R) are super-functions, which are prepared by the user (see Section 2.2.6).
Then
v = vrot(R)− L×|z | (v ≥ 0), (2.7)
vobs = v × sin(θ)× sin(i) + vsys . (2.8)
Equation 2.7 oﬀers the possibility to model lagging halos. The lag is expected
to decrease linearly the observed rotation with value L as the height |z | above
the plane increases. The model automatically prevents v < 0 and forces these
to v = 0. When no halo lagging is modelled L is set to zero.
The observed velocity dispersion σ is calculated separately for the three (cylin-
drical) directions σz,obs, σR,obs and σθ,obs, and then combined into a single
observed velocity dispersion σobs. The aR, az, aθ components are scalars to
account for a possible anisotropic velocity-dispersion tensor. There is cur-
rently no known case of anisotropy, so we set aR, az, aθ to one by default.
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We also correct for instrument broadening using dispersion σinst, based on the
channel-width dv. Then
σz,obs = azσ(r)× sin(θ)× sin(i) , (2.9)
σR,obs = aRσ(r)× cos(i) , (2.10)
σθ,obs = aθσ(r)× sin(i)× sin(θ) , (2.11)
σinst = dv/2.355 , (2.12)
σ =
√
σ2z,obs + σ2R,obs + σ2θ,obs + σ2inst . (2.13)
The system takes the face-on surface density AHI (R) and, using the ﬂaring
z0(R), converts it into a mid-plane density ρm(R). From this, the actual
density ρ for each voxel is calculated. We treat the gas ﬂaring as a Gaussian
distribution. There exist alternative distributions, but the Gaussian has some
advantages for the analysis of the hydrostatics, in Chapter 5. Based on Olling












The densities ρ are all in units of HI atoms per cm3. In the ﬁnal step, we con-
vert to a local column density NHI per cm−2 by multiplying with the physical
length ds that a single voxel represents along its depth axis.
NHI = ρ ds (2.16)
2.2.3 Generating the Radio Cube
We have now prepared the 3D cube and it is time to perform a ray-trace
through the voxels along the depth axis and generate the ﬁnal radio cubes.
Galactus supports two integration modes: optically thin and self-absorption.
Optically thin











For a single channel in the radio cube, starting at velocity v1 and with a
channel width dv, the number of atoms N in a voxel that are contributing to
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NHI dv . (2.18)














To calculate the optically thin surface-brightness of each voxel, we use the




1.8127× 1018 dv . (2.20)
As there is no self-absorption, the intensity of a pixel can simply be calculated
by taking the sum of TB in all voxels along the depth axis at the position of
that pixel.
Self-absorption
When running in self-absorption mode, the calculation gets more complex.
We follow the method from the previous subsection up to equation 2.20, which
gives us the emitted temperature in the velocity range of the channel per voxel
for an optically thin model. From this, we can then calculate the optical depth
τν of that voxel as1,
τν = TB,thin/Tspin . (2.21)
We assume that the galaxy has no internal continuum absorption, nor a back-
ground continuum source. This assumption is at least true for the galaxies
in Chapter 1, although it does not hold for every galaxy. To calculate the
brightness of a pixel, we begin for the voxel at the back of the depth axis
associated with that pixel, and calculate the radiative transfer equation with
Tbg = 0 (Draine 2011, Equation 8.22).
TB,self-absorbing = Tbge−τν + Tspin
(
1− e−τν ) (2.22)
For subsequent voxels Tbg is the TB from the previous voxel. We continue this
for all voxels along the depth axis until the ﬁnal value TB, which is adopted
as the brightness for that pixel.
In our own Galaxy, many lines of sight are optically thick within a couple of
hundred parsec (Allen et al. 2012). To ensure suﬃcient accuracy, it is therefore
1 Note that this is just a rewrite of Equation 2.20 with Equation 8.11 in Draine (2011).
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advised to choose the physical length of each voxel along the depth axis, such
that it does not represent more than a hundred parsec. This can be done using
the accuracy parameter (see Section 2.3.2).
We note that the use of a constant spin temperature Tspin and a uniform
density ρ per voxel serves only as an approximation. In reality the HI in
galaxies consists of gas at a range of spin temperatures, not to mention varying
densities (e.g. clouds) on scales much smaller than a hundred parsec. We
discuss this in more detail in Section 2.4.
2.2.4 Beam Smearing
After the radio cube has been generated, we convolve the cube with the beam
θFWHM to account for beam smearing. Note that we require the beam to be
circular and the cells to be square.
2.2.5 Simulating Noise
It is possible to introduce artiﬁcial noise into a cube. This can be done using
the addition of the -N argument to the command line call to Galactus. The
noise σ in Table 1.3 was measured as the standard deviation per pixel. In
reality however, the noise is correlated between neighboring pixels due to the
beam smearing. Galactus automatically corrects for this, such that the noise
σ is equal to that as measured from the standard deviation of the convolved
ﬁeld.
2.2.6 Input
Galactus can be used in two modes, stand-alone and as a software library.
To get the stand-alone version, the user can download the source code of
the program from the dedicated website at https://sourceforge.net/p/
galactus. After compiling the required C++ libraries, the program can then
be run from the program folder using the command ./Galactus ini-file.
Galactus uses ini-ﬁles as its main source of information, and any run of the
program thus needs to be set up using them. We provide a list of all the
options in Appendix 2.A.
It is also possible to import Galactus into your own Python programs
as a library. All libraries required to run the program are contained in the
support/ module. It is beyond the scope of this chapter to discuss this in
detail and we refer to the documentation in the code itself for more details. In
short, to generate a basic model, a programmer would ﬁrst need to import the
Galaxy class from the support.parameters module, initialize a version of it,
and then use the parse_ini(filename) method to initialize all parameters
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in the Galaxy object. The radio cube can then be generated by calling the
support.mainmodel.model() method. The source code has been extensively
documented, and we invite developers to have a look and contribute to the
code-base.
Superfunctions
While most variables in Galactus are single valued, the rotation curve and
face-on surface density are examples of so-called super-functions. Super-
functions are a special class of functions that can behave diﬀerently based
on the preference of the user. In their 1 or 2 modes, (see Section 2.A) they act
as parametrized functions, while in the 3 and 4 modes they act as tabulated
functions. In tabulated mode, the user speciﬁes the values of the function that
the function has at positions R. During runtime, Galactus performs a lin-
ear interpolation over these points to calculate the value of intermediate radii.
We have experimented with alternative types of interpolation, such as spline
interpolation. While favorable from a theoretical point of view, in practice
we found that during ﬁtting a spline could start to show extreme spikes (both
negative and positive), in an attempt to still reach all the user speciﬁed R and
f(R) values. This made attaching boundary conditions very hard. In the end,
we have settled for linear interpolation between values.
In parametrized mode, the functions are simpliﬁed an analytical form that
best ﬁts their common proﬁles. For example, the velocity curve vrot has a
parametrized form of vrot(R) = a+a/(R/b+1). The advantage of parametriz-
ing functions is that it limits the amount of free parameters, in this case only
two. The form of each super-function is shown in Table 2.A. Another ad-
vantage to parametrized functions is that they are less sensitive to noise –
although at the expense of accuracy – and give the ability for a very quick
ﬁrst estimate of the parameters. We provide a function all_to_spline, which
can convert parametrized curves to tabulated ones.
2.2.7 Output
Galactus is capable of producing a range of products, which can be selected
in the parameter ﬁle. The main output of the program is the generated radio
cube. There are however, more options. In this subsection, we will highlight
the most important.
Total, visible and missing matter cube
Since the brightness can depend on opacity, the generated radio cube no longer
represents the total amount of atoms. The total matter cube gives the total
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amount of atoms in a velocity range, before any self-absorption is applied.
This starts with the result of Equation 2.19, which is a cube with the amount
of HI per voxel, for a given channel. Rather than converting the data into
temperatures with Equation 2.20, we instead sum the voxels along the depth
axis and thus get the number of atoms. This process is repeated for each
channel in the radio cube.
In contrast, the visible matter cube uses the generated radio cube and converts
it back into atoms, using the inverse of the optically thin approximation from
Equation 2.20. When running in optically thin mode, the visible and total
matter cubes are equal. The diﬀerence comes into play when running in self-
absorption mode. This diﬀerence can be visualized with the missing matter
cube, which is a cube showing the diﬀerence between the total and missing
matter cubes.
Moment maps
Besides channel maps, Galactus can also output various moment maps,
speciﬁcally the zeroth, ﬁrst, second and third moments. These follow the
same moment deﬁnitions as Gipsy (van der Hulst et al. 1992).
XV map and integrated proﬁle
Galactus is also capable of plotting the integrated XV (otherwise known as
integrated PV) diagrams of the radio cube, by integrating the generated radio
cube along the vertical axis. By also integrating along the velocity axis, the
program can generated an integrated proﬁle.
2.2.8 Fitting
Fitting a galaxy model to a radio cube is a very complex problem, and great
care needs to be taken in order to ﬁt the data properly. To give the user the
best capabilities, we have included a number of ﬁtting routines in the pro-
gram. Suppose one is ﬁtting a well-resolved face-on galaxy with ﬁxed velocity
dispersion and no beam smearing. In this case, a line-of-sight corresponds
to a single radius inside the galaxy. This radius is sampled by many pixels
as we look around the galaxy. The parameter space is thus very limited, as
each radius only has to ﬁt a single face-on surface density and rotation curve.
A simple ﬁtting routine, such as the Levenberg-Marquardt algorithm (Press
et al. 1992), can quickly converge to the optimal solution. We make use of the
Scipy package optimize.leastsq.
When beam smearing is involved, the light from various radii starts to overlap,
which causes the parameter space to get far more complex. Even worse, local
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optimal solutions start to appear. For example, where the true face-on surface
density at a radius might be 5× 1020 atoms/cm2, the model could be happily
converging towards 3 × 1020 and 7 × 1020 in two adjacent radii, with the
beam taking care of the smoothing back to 5 × 1020 atoms/cm2 on average.
The velocity dispersion also creates many local optima, especially in edge-on
galaxies where the usage of a very high velocity dispersion at a high radius R
can mask out the velocity dispersion at a slightly lower radius, thus convincing
the program that low velocity dispersions at that radius are also acceptable.
To ﬁnd the global optimum, a more powerful algorithm is required. We have
extensively tested many algorithms. Our preferred method is the PSwarm
algorithm, which is a combination of pattern search and particle swarm (Vaz
& Vicente 2007, 2009; Thi et al. 2012)1 and is used through the OpenOpt
framework2. Solving for a global optimization problem requires a far more
thorough search of the parameter space and thus requires much more time
to converge, compared to the Levenberg-Marquardt algorithm. We have also
tested various implementations of genetic algorithms, but found that the ran-
dom nature of the improvements led to unacceptably long convergence times.
We also ﬁnd that when ﬁtting for the velocity dispersion, it is often misused
by an algorithm to ’average over’ local structure in the XV diagram, by using
a very high velocity dispersion. This can happen in particular when warps
and self-absorption are present, but are not allowed for in the modelling. In
those cases, it is not even possible to model the XV diagram accurately. The
algorithm will then start to misuse use the velocity dispersion.
To estimate the χ2 cost of some parameter set p on the model Tmodel(p), we
use least-squares deviations. We show this in Equation 2.23, where we use the
standard deviation of the noise σ from the observed radio cube Tobservation.







Lastly, we implement a Monte-Carlo Markov-Chain (MCMC) version of the
model. MCMC is a diﬀerent approach to model optimisation. Rather than
look for a single parameter set that represents the global optimal solution,
MCMC explores the parameter space and draws samples of parameter sets
from the region where, based on the probability distribution, the optimum is
expected. We make use of the emcee library (Foreman-Mackey et al. 2013),
1 Website: http://www.norg.uminho.pt/aivaz/pswarm/
2 Available at http://openopt.org/.
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which implements the aﬃne-invariant ensemble sampler proposed by (Good-
man & Weare 2010). Following the cost function χ2, given in Equation 2.23,











− [Tmodel(i; p)− Tobservation(i)]
2
2σ2 . (2.25)
emcee uses multiple MCMC samplers in parallel, each of which generates a
chain of samples. For the number of samplers we choose double the amount
of free parameters, which for tabulated ﬁtting implies 150-300 chains. After a
suﬃciently long burn-in period, we collect a large group of N samples from the
collection of chains. For each free parameter that is being ﬁt, the group thus
has N values that this parameter would most likely have. These values thus
form a distribution. In this and subsequent chapters, we make use of the cen-
tral 68, 95 and 99.7% of the likelihood distribution to denote the errors. Note
that if the distribution in a parameter follows a Gaussian distribution, this
would be equal to the one, two and three sigma deviations of that Gaussian.
2.3 Notes
2.3.1 Masking the Data
Galactus can deal with masked pixels. Pixels that are masked in the input
radio cube, speciﬁed with the image parameter (see also Section 2.A), are
treated as pixels with a value of zero. Galactus will still render the corre-
sponding pixels in the output model, as the user could still be interested in
the model at these pixels, but has masked them on purpose for some reason.
The mask parameter can be used to specify which pixels Galactus does not
need to render. The parameter needs to point to a radio cube, which can be
the same as the one used in the image parameter. All pixels in the channel
maps that make up the radio-cube that have value NaN1 are selected as the
masked pixels. Galactus calculates which voxels contribute to which pixels.
If a voxel only contributes to masked pixels, it is removed from the calculation.
This can lead to drastic performance increases.
The last type of mask is the boundaries mask. This can be used to specify in
which channel maps the line-of-nodes velocity vrot(R) is expected to lie. It is
then possible to mask everything except the outer envelope of a XV diagram.
The ﬁtting algorithms are then constrained in the vrot(R) parameter.
1 NaN stands for Not A Number. By default, Miriad masking gives pixels this value.
64 chapter 2: The Galactus HI Modelling & Fitting Tool
2.3.2 Concerning the Resolution
By default, Galactus traces only one ray per pixel. The initial cube has
voxels that are one pixel wide on all sides. Thus, if the output cube has pixels
with a (projected) size of one kpc, the voxels are one kpc on each side as well,
and the ray is thus sampled every one kpc as it crosses the galaxy. For a
galaxy that has a diameter of 20 kpc, the rays will thus at most only sample
20 positions inside the galaxy. This can lead to a jagged looking result.
To provide a better representation of the galaxy, we have introduced two
additional user options. The ﬁrst is the accuracy level, which controls the
number of samples along the ray. It works as a scalar on the original number of
samples along the depth axis, such that if one originally measured 20 samples,
an accuracy level of four would lead to 80 samples. Following the above
example, these would thus be separated 250 pc apart along the ray.
The second option is super-sampling, a technique common in the 3D graphics
industry. In super-sampling, each output pixel is represented by multiple rays
at slightly diﬀerent positions inside the pixel, with the result being the average
of all rays. For example, suppose the original ray runs a trace centered on
the middle of the pixel, thus at position 1/2. Then with super-sampling, we
have two rays, both at 1/3 and 2/3. Suppose that a signiﬁcant change would
beyond position 1/2. The normal model would not represent this, while super-
sampled pixel would. Super-sampling works in both the horizontal and vertical
directions. A super-sampling of factor two means each pixel is sampled by four
rays.
An increased accuracy thus increases the number of voxels along the depth
axis. An increase in super-sampling decreases the size of an individual voxel
along the horizontal and vertical axis and thus increases the number of voxels
quadratically. The increases in accuracy and super-sampling are thus increases
in the number of voxels that need to be calculated, which come with a perfor-
mance penalty. It is thus important to realize that there is a trade-oﬀ between
the desired accuracy and the time available.
In Figure 2.2, we visualize this trade-oﬀ. Shown are the timing results of
an edge-on model, at multiple combinations of super-sampling and accuracy
levels, with their relative error compared to a very high-resolution model with
an accuracy of ﬁve and a super-sampling of ﬁve, which in this case implies a
model with voxels that each represent 27 pc on all side. In a perfect world,
the accuracy and super-sampling could be set to ∞ and the results would be
perfect. In practice however, due to time constraints, there is no single right
setting, it is thus important to think about the problem and decide what the
best setting should be. For example, in a face-on galaxy one quickly runs the
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risk of ’overshooting’ the disk, if there were not enough samples along the ray,
and a higher accuracy would then be desirable. In an edge-on, overshooting
the disk is less important, but one might want to super-sample the galaxy as
to model the vertical structure more accurately.
A super-sampling of two incorporates a special feature, which positions the
four rays in an optimal distribution. In this way, both the horizontal and
vertical axis of the pixel in question are traced at four unique positions, rather
than the default of two positions per axis. The eﬀect of this can be seen in
Figure 2.2, where the results from a super-sampling of 2 are nearly equal to
the far more computationally expensive super-sampling of four (e.g. 16 rays).
A super-sampling of two outperforms a super-sampling of three. Figure 2.2
also demonstrates that increasing the accuracy does not drastically improve
the model. We recommend that the accuracy be chosen such that the length
of the voxel along the depth axis is at most 100 parsec, such that the radiative
transfer equation is calculated with suﬃcient precision.
2.4 The Eﬀective Spin Temperature
In a real galaxy, the HI never has a single spin temperature. The gas is bal-
anced between the phases of the CNM, which has a median spin temperature
of 80K and the WNM, with temperatures between 6000 and 10000K. The
fraction of the mass contained in either state remains unclear, but it was es-
timated that 40% of the neutral hydrogen mass of the Galaxy is in the CNM
(Draine 2011).
With such a wide range in temperatures, how reliable is the use of a single
eﬀective spin temperature? To test this, we have run a range of Monte Carlo
simulations. For a ﬁxed CNM fraction p, we calculate the eﬀective spin tem-
perature over a range of column densities. For column density NHI , we divide
it up in Nclouds equal sized bins, each of which represents a cloud of gas with a
column density Ncloud. The number of clouds is randomly picked between 100
and 1000, to represent the variation in crossing a real galaxy. Based on frac-
tion p, we randomly choose if a cloud is part of either the CNM or the WNM.
If it is a CNM cloud, it is assigned a random spin temperature Tspin, chosen
from a uniform distribution between 50 and 100K. Otherwise, it is assigned a
Tspin chosen from a distribution between 6000 and 8000K. We then perform
a line-of-sight integration, starting with background temperature Tbg = 0K,
using Equations 2.20, 2.21 and 2.22.
Taking 1000 samples at each column density NHI, we get a distribution of ob-
served temperatures TB. We show the results for two mass fractions in Figures
2.3 and 2.3. We ﬁt a single eﬀective Tspin to the median of the distributions,
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Figure 2.2: The accuracy versus time trade-oﬀ visualized. The various tracks show
the various super-sampling modes, while the dots along each track represent the accu-
racy level used. Along each track, the top left point is always accuracy level of one,
progressing to an accuracy level of ﬁve, at the right-hand side. Overall the rule holds
that the closer to (0,0), the better.
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Figure 2.3: Eﬀective spin temperature assuming 40% (left panel) or 80% (right
panel) of the gas is in the CNM. Color bars represent 68.5%, 95.45% and 99.73% of
the distribution at each point. In white the 50% (median) of the sample is shown.
The red dashed line represents the ﬁtted eﬀective spin temperature.




1− e−τ ) . (2.26)
The results are over-plotted in red in Figures 2.3 and 2.3. For the 40% fraction,
we ﬁnd an eﬀective spin temperature of 177.2K, while for the 80% fraction
we ﬁnd 89.5K. Clearly, the balance between the two populations is important.
More importantly, in both cases we see that the median spin temperature
levels out, and a single eﬀective spin temperature gives a decent ﬁt to the
median one. Provided the right value is chosen, it is thus possible to use a
single eﬀective spin temperature when modelling a galaxy. What the exact
value for this eﬀect spin temperature is, is hard to determine and is beyond the
scope of this work. During ﬁtting, we shall use a spin temperature of 100K,
which ﬁts well with the ﬁgures in Chapter 1.
2.5 Face-on Galaxy NGC 2403
In the following sections we test the program for a number of cases. To begin
with, we wish to test our ﬁtting routines on a face-on galaxy to conﬁrm the ac-
curacy of the rotation curve and surface density modelling. For this purpose,
we have chosen the galaxy NGC2403. It is a nearby, late-type Scd galaxy
(Tully & Pierce 2000) and is therefore ideal in comparing to our sample of
edge-on, late-type galaxies (Chapter 1). Using the tip of the red giant branch,
Dalcanton et al. (2009) estimated the distance at only 3.2Mpc. The HI kine-
matics have has been studied in detail by Sicking (1997), Fraternali et al.
(2001, 2002) and de Blok et al. (2008). The galaxy is part of the public-data
release from The HI Nearby Galaxy Survey (THINGS), which was based on
B-, C- and D- conﬁguration Very Large Array (VLA) observations1 (Walter
et al. 2008). The THINGS observations were previously studied in detail by
de Blok et al. (2008), who measured a systemic velocity vsys of 132.8 km s−1
and an inclination i of 62.9◦.
We test Galactus using the naturally weighted radio cube from the THINGS
website. The original cube has a size of 2048 × 2048 pixels and 61 channels,
which is too large for Galactus to handle. Miriad task smooth was used
to create a circular beam with a full-width half-maximum of 12.4 arcseconds.
We use task regrid to downsize the resolution from 1.0 to 8.8 arcsec/pixel.
Using task cgcurs, a mask was drawn by hand around all regions containing
ﬂux. With task imsub, we used this mask to create a ﬁnal, masked cube that
only contains parts of the cube where ﬂux was detected. The ﬁnal cube has a
size of 232× 228 pixels and 55 channels at 5.169 km s−1 resolution.
1 The public data from the THINGS survey is available at http://www.mpia-hd.mpg.
de/THINGS/Data.html
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In Figure 2.4, the maximum surface brightness has been calculated from the
original THINGS image. Here we have converted the intensity I from Jy/beam
to Kelvin using Equation 1.4. A clear spiral structure is visible in the ﬁgure.
Most of the brightness hovers between 45 and 60K and appears as spiral
arm structure, with local regions peaking at over 120K. If we only look at
the maximum brightness along the horizontal axis, such that each position
reﬂects the maximum brightness independent of location along vertical axis,
we get the result as seen in Figure 2.5. This produces a result similar to the
maxima along the major axis in edge-on galaxies as seen in Chapter 1. There
we found a plateau around 80Kelvin in all edge-on galaxies for a signiﬁcant
part of their disks. There is no clear plateau in Figure 2.5. The wings of
this proﬁle are much extended, running continuously towards the background.
This is diﬀerent compared to our edge-on galaxies, where we observed very
sharp wings. In Chapter 1, we argued that the plateau in the proﬁle was due
to self-absorption in long lines-of-sight. The shorter lines-of-sight in NGC2403
would therefore not be expected to exhibit (strong) signs of self-absorption.
Only in the dense inner region do the densities still reach levels high enough for
self-absorption to signiﬁcantly aﬀect them, as exhibited by the peak around
80K. We thus argue that with the exception of the central part, most of the
galaxy does not suﬀer from signiﬁcant self-absorption. We note in general, that
observations of self-absorption can only occur when the beam has suﬃcient
spatial resolution. Otherwise, the eﬀect will wash out due to smearing.
We ﬁt NGC2403 using both an optically thin model and a self-absorption
model. For the self-absorption model, we use a spin temperature Tspin of
100K. We ﬁt the galaxy using a constant velocity dispersion of 10 km/s. We
constrain the disk to a thickness of 700 pc in the inner part and ﬂaring out
to 1 kpc at 1400” (23 kpc). Warps or lagging halos are beyond the scope of
the current test. A double-pass strategy is used to ﬁt the data. We ﬁrst
use the parametrized functions for the face-on surface density, ﬂaring and
rotation curve. This pass is ﬁtted using the Levenberg-Marquardt algorithm.
After that, we interpolate over the ﬁtted functions and tabulate them into 37
chunks with a separation of 38”. We then run a second pass. As the galaxy is
face-on and very well resolved there is no strong danger of running into local
minima, and we thus again use the quick Levenberg-Marquardt algorithm.
The results for this ﬁtting are shown in Figure 2.6. The rotation curves of the
optically thin and self-absorbing ﬁts are eﬀectively identical. It is reassuring
to ﬁnd that in both cases the same rotation curve is found, proving that the
observed vrot in face-on galaxies does not suﬀer from self-absorption. The
proﬁle also matches up well with the proﬁle from Sicking (1997). Only in the
outer radii do we suﬀer more from signal to noise issues. Given the detailed
tilted ring and warp ﬁtted by Sicking (1997), which we are ignoring, this is
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expected.
Now consider the mass models. Unsurprisingly, the optically thin proﬁle is
clearly lower than the optically thick proﬁle. The ﬁrst has a total mass of
2.9×109M⊙. The self-absorbing mass totals at 3.2×109M⊙, of which ∼ 10%
is hidden by the self-absorption. The overall shape of the proﬁles agree well,
with all local features visible in both proﬁles. In comparison, Sicking (1997)
found slightly more mass than our optically thin model. They report a total
mass of 3.27× 109 solar masses for NGC2403.
2.6 The Maximum Surface Brightness in an Edge-
on Galaxy
In Section 1.2, we presented a simple toy model to demonstrate that a plateau
of constant maximum surface brightness is an indication of self-absorption.
Using Galactus, we can now extend this toy model to a more physical basis.
We project the previous ﬁt of NGC2403 to a full edge-on orientation. We
use the self-absorption ﬁt as the face-on surface-density and rotation curves
as input parameters (see Figure 2.6). We will compare between an optically
thin model and a self-absorption run at a spin temperature of 100K.
The results for this test are shown in Figure 2.7. The model for the galaxy at
its original inclination peaks at roughly 40K (blue line). This is lower than the
observed maximum brightness maps as seen in Figure 2.5. This is expected,
as the model cannot recreate the small-scale bright regions seen in the actual
observation. When we rotate the galaxy to full edge-on, we see that the long
lines-of-sight carry the integration well above 300K (green line). Especially
near the inner part at x = 0 does the model keep rising. As we have argued in
Chapter 1, this is never observed. Comparing this to the self-absorption model
at Tspin = 100 K, we see that the maximum surface brightness shows a clear
plateau around 80 Kelvin with sharp edges. Comparing this to the galaxy
observations in Chapter 1, the self-absorption clearly matches the data better
than the optically thin model. Compared to the toy model from Section 1.2,
the result is less dramatic than in Figure 1.2, where we applied a far higher
face-on column density distribution than used here.
2.7 Eﬀect of Inclination on the Visible Mass
Having established that an edge-on galaxy can easily hide a considerable frac-
tion of its neutral hydrogen, we wish to test the relation between inclination
and self-absorption. We test the eﬀect of self-absorption on galaxies in the
range of inclinations from 60 to 90 degrees. We have selected Tspin = 100K
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Figure 2.5: Radial maximum surface brightness of NGC2403
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Figure 2.6: Kinematic and mass models for NGC2403. The blue proﬁles represent
the optically thin model. The green proﬁles are the self-absorption ﬁt. The dashed red
proﬁles represent the data from Sicking (1997).














Figure 2.7: Maximum surface brightness along the major axis based on modelling
for NGC2403. The lower blue line is the galaxy at its normal inclination. The
top green line is the optically thin case as seen edge-on. The middle red line is the
self-absorption case with a spin temperature of 100 K.
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and Tspin = 150K as the spin temperatures we wish to model, and will pro-
duce an optically thin model at each inclination to compare. We use the
self-absorption results of NGC2403 from Section 2.5 as the basis for all three
models.
The results for this ﬁt are shown in Figure 2.8. It is clear that in both cases
self-absorption is present at all inclinations. However, beyond an inclination
of about 82 degrees, the eﬀects starts to increase drastically. Similar to the
previous chapter, we ﬁnd that for a spin temperature of 100K that 30% of
the mass remains undetected. The milder case of a spin temperature of 150K
still has a signiﬁcant absorption, with ∼ 23% of the HI going unseen.
A natural prediction from Figure 2.8 would be that in a statistical study the
edge-on galaxies would have a lower average HI mass than the face-on to
moderately inclined galaxies. We have tried to investigate this by comparing
the K-band magnitude (which is expected not to suﬀer from inclination eﬀects
much) with the apparent HI mass, using a combination of literature surveys.
Unfortunately, we were unable to conﬁrm or disprove the results, as there
were too few edge-on galaxies in the available surveys with exact inclination
measured. Alas, it is beyond the scope of this project to investigate this in
more detail.
2.8 The Baryonic Tully-Fisher Relation
Having established that edge-on galaxies can suﬀer from signiﬁcant HI self-
absorption, what is the eﬀect on the baryonic Tully-Fisher (TF) relationship?
The TF relation relates the dynamical mass of a galaxy to its luminosity
and provides a test of theories of galaxy formation and evolution (Verheijen
1997; Bell & de Jong 2001). We use the two edge-on models from Section
2.6 as a basis for this analysis. The integrated spectra are shown in Figure
2.9. The T-F relation is based on the width w20 of the proﬁle at 20% of the
maximum in the integrated spectra (Tully & Fisher 1977). Clearly, this height
varies drastically between the two cases, yet the diﬀerence between the two
w20 measurements is minimal. This is due to the sharp drop-oﬀ that both
proﬁles show at the extremes, where self-absorption is less important. For the
optically thin case a value of 285.0 km/s is found and for the self-absorption
case 291.0 km/s, an increase of only 2%. We thus conclude the w20 parameter
does not suﬀer signiﬁcantly from self-absorption.
The baryonic TF relation is however also based on the total baryonic mass
Mbar, and as Figure 2.9 clearly illustrates, self-absorption can signiﬁcantly
aﬀect that property. The TF-relation has not been well set, with various
authors ﬁnding slopes between Mbar ∝ V 3 and Mbar ∝ V 4 (van der Kruit &
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Figure 2.8: Visible HI in an edge-on model based on NGC2403. The top blue
line is the galaxy as if there is no self-absorption present. The bottom green line
has self-absorption at Tspin = 100K. The middle red line is the self-absorption at
Tspin = 150K.






























Figure 2.9: Impact on the width w20 as measured from the spectra from an edge-on
galaxy suﬀering in an optically thin (top, blue) and self-absorption with Tspin = 100 K
(bottom, green) case.
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Freeman (2011) and references therein). Although beyond the scope of this
project, it will be interesting to see if the intrinsic scatter of the T-F relation
decreases when self-absorption of the HI is taken into account.
2.9 Summary
In this chapter, we have presented the Galactus HI modelling and ﬁtting
tool. Compared to other software, Galactus is unique in its capability to
model self-absorption in galaxies. We demonstrate that even in face-on galax-
ies, such as NGC2403, there is some self-absorption present. However, for
edge-on galaxies, self-absorption becomes a serious problem, with over 30%
of the total neutral hydrogen mass going unseen. It is therefore necessary to
keep this under consideration in subsequent chapters.
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2.A Overview of Input File Layout and Settings
Galactus uses ini-ﬁles as input. Each ini-ﬁle is divide into various segments
that detail the various parts of the program.
[cube]
image A list of the ﬁlenames to which we are ﬁtting.
Example: ["galaxies/UGC7321.fits.gz"].
name The name of the object. All output ﬁles will have this as a base-
name. Example: UGC7321.
comparison Used for comparing to other ini ﬁles. The parameters from
this ﬁle are also over-plotted in the output proﬁles. Example:
galaxies/UGC7321.ini.
mask Use a blanking mask in which all pixels of value NaN are ignored.
This will speed up the program and changes which pixels are used
while ﬁtting. Example: galaxies/UGC7321.fits.gz
boundaries This ﬁle controls which boundaries the rotation curve ﬁt-
ting has to oblige to. Setting parts of this cube to nan will ensure
that the vrot will avoid that position.
Example: galaxies/UGC7321.fits.gz
cell Size of each pixel in arcsec. Galactus requires the pixels to be
square. Example: 3.26.
v_cube_min Velocity of the ﬁrst channel in km/s. Example: 1565.0.
v_cube_N Number of channels in the cube. Example: 75.
v_cube_delta Channel width and spacing, in km/s. Example: 3.298
width Length of the horizontal axis of the cube, in pixels.
Example: 80.
height Length of the vertical axis of the cube, in pixels. Example: 25.
halforwhole Lets the program know if we are modelling the full cube or
one side. This sets the length of the depth axis. Example: whole.
[physical]
shift_x Oﬀset from the center of the galaxy, compared to the center of
the radio channel, along the horizontal axis, in pixels. Example: 0.
shift_y Oﬀset from the center of the galaxy, compared to the center
of the radio channel, along the vertical axis, in pixels. Example:
-0.2.
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shift_x_free . Do we have to ﬁt for the shift_x parameter?
Example: yes.
shift_y_free . Do we have to ﬁt for the shift_y parameter?
Example: no.
v_sys Systemic velocity of the galaxy, vsys, in km/s. Example: 409.3.
v_sys_free Fit for the systemic velocity? Example: yes.
v_sys_bounds Tuple with the boundaries between which vsys should be,
in km/s. Example: (390.0, 420.0).
distance Distance D of the galaxy in Mpc. Example: 10.0.
distance_free Fit for the distance of the galaxy? Note that this is
often not a recommended strategy. Example: no.
distance_bounds Tuple with the boundaries between which the dis-
tance D should be found, in Mpc. Example: (9.6, 10.4)
T_spin Spin temperature of the galaxy. Currently only global spin tem-
peratures are supported. Select None for optically thin. Otherwise,
the user can give a positive value, which will be taken as the spin
temperature in Kelvin.
rotationcurve_function Which rotation-curve super-function should
be used? Select 1 or 2 when using function vrot(R) = a+a/(R/b+1),
where 1 select no-ﬁtting and 2 selects ﬁtting. Selecting 3 or 4 sets
for tabulated interpolation, with 3 for no ﬁtting or 4 for ﬁtting.
rotationcurve_x Either an empty list (e.g. []) when
rotationcurve_function is 1 or 2. Otherwise, a list of positions
(expressed in pixels) along R, example: [0,1,2,3,4,5]. When 0
is omitted, the program assumes R = 0 will give a vrot(R = 0) = 0.
rotationcurve_y Either a two-values list (e.g. [A,B]) when
rotationcurve_function is 1 or 2. Otherwise a list of rotation
curve strengths vrot (expressed in km/s) along R, example: [10,
20, 40, 80, 90].
surfacedensity_function Which face-on-surface-density super-function
should be used? Select 1 or 2 when using function AHI(R) =
|a| + bR + cR2, where 1 select no-ﬁtting and 2 selects ﬁtting. Se-
lecting 3 or 4 sets for tabulated interpolation, with 3 for no ﬁtting
or 4 for ﬁtting.
surfacedensity_x Either an empty list (e.g. []) when
surfacedensity_function is 1 or 2. Otherwise a list of positions
(expressed in pixels) along R, example: [0,1,2,3,4,5].
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surfacedensity_y Either a three-value list (e.g. [a,b,c]) when
surfacedensity_function is 1 or 2. Otherwise a list of face-on
surface densities AHI (expressed in 1020 atoms/cm2) along R, ex-
ample: [5,4,2,1,0].
flaring_function Which ﬂaring super-function should be used? Select
1 or 2 when using function z0(R) = |a| + |b|R, where 1 select no-
ﬁtting and 2 selects ﬁtting. Selecting 3 or 4 sets for tabulated
interpolation, with 3 for no ﬁtting or 4 for ﬁtting.
flaring_x Either an empty list (e.g. []) when flaring_function is
1 or 2. Otherwise a list of positions (expressed in pixels) along R,
example: [0,1,2,3,4,5].
flaring_y Either a two-values list (e.g. [a,b]) when flaring_function
is 1 or 2. Otherwise a list of ﬂaring z0 strengths, expressed in pixels,
along R, example: [1,1,1.1,1.2,1.4].
velocitydispersion_function Which velocity dispersion super-function
should be used? Select 1 or 2 when using function σ(R) = |a|,
where 1 select no-ﬁtting and 2 selects ﬁtting. Selecting 3 or 4 sets
for tabulated interpolation, with 3 for no ﬁtting or 4 for ﬁtting.
velocitydispersion_x Either an empty list (e.g. []) when
velocitydispersion_function is 1 or 2. Otherwise a list of posi-
tions (expressed in pixels) along R, example: [0,1,2,3,4,5].
velocitydispersion_y Either a one-value list (e.g. [a]) when
velocitydispersion_function is 1 or 2. Otherwise a list of ve-
locity dispersion σ strengths, expressed in km/s, along R, example:
[10,9,8,7,6].
inclination_function Either 1 for ﬁxed inclination or 2 for ﬁtting.
inclination_value Value of the inclination i, in degrees. Example:
0.0.
inclination_bounds Tuple with boundary values for the inclination
ﬁtting, in degrees. Example: (80.0, 90.0).
PA_function Either 1 for ﬁxed position angle or 2 for ﬁtting.
PA_value Value of the position angle, in degrees. Example: 0.0.
PA_bounds Tuple with boundary values for the position angle ﬁtting, in
degrees. Example: (-10, 10).
halolag_function Either 1 for ﬁxed halo lag or 2 for ﬁtting.
halolag_value Strength of the halo lag, in km/s per pixel. Example:
0.2.
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halolag_bounds Tuple with boundary values for the halo lag ﬁtting,
km/s per pixel. Example: (0,10).
warp_function Either 3 for ﬁxed warp or 4 for ﬁtting.
warp_theta Pitch angle for the warp, in degrees. A pitch angle of 0◦
represents a line-of-sight warp. Example: 0.0.
warp_theta_bounds Tuple with the boundaries on the pitch angle of
the warp, for ﬁtting, in degrees. Example: (-1.0, 70).
warp_r List of position along R where to interpolate. In pixels. Exam-
ple: [0, 20, 400].
warp_r_bounds List of tuples with the boundaries on the values of
warp_r for ﬁtting, in pixels. Example: [(0.0,0.01), (15,40),
(400,400.01)].
warp_z List of oﬀsets from the central plane, in pixels. Example: [0,
0, 0].
warp_z_bounds List of tuples with the boundaries on the values of
warp_z for ﬁtting, in pixels. Example: [(0.0,0.0), (0.0,0.0),
(0.0,500)].
dispersiontensor The values of the velocity dispersion tensor. Exam-
ple: [1,1,1].
dispersiontensor_free Do you want the dispersion tensor to be ﬁtted.
Not well supported. Example: no.
beam List with beamsizes in arcsec. Should have the same length as
image. Example: [10].
noise List with the one-sigma noise levels in each cube given by image
in Kelvin. Example: [0.79].
[integrator]
intermediate_results Plot intermediate results during ﬁtting? Ex-
ample: yes.
accuracy Accuracy level of the model. Example: 1.
supersampling Super-sampling level of the model. Example: 2.
[output]
radius_rotationcurve Plot the rotationcurve vrot(R)? Example: yes.
radius_surfacedensity Plot the face-on surface density AHI(R)? Ex-
ample: no.
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radius_flaring Plot the ﬂaring z0(R)? Example: yes.
radius_velocitydispersion Plot the velocity dispersion σ(R)?
Example: yes.
XV_map Plot an integrated PV diagram of the data? Example: no.
radius_scale Controls in which units the radius R is expressed in the
previous plots. Options are arcsec, kpc or pixels.
integratedprofile Plot an integrated proﬁle of the data? Example:
yes.
moment0 Plot a zeroth moment map? Example: no.
moment1 Plot a ﬁrst moment map? Example: no.
moment2 Plot a second moment map? Example: yes.
moment3 Plot a third moment map? Example: no.
cube_visible Save the ﬁnal radio cube, expressed in 1020 atoms/cm2.
Example: yes.
cube_total Save the radio cube as if it was optically thin, expressed in
1020 atoms/cm2. Example: yes.
cube_missing Save a cube in which only the missing atoms are shown,
expressed in 1020 atoms/cm2. Example: yes.
cube_opacity Save the ﬁnal radio cube, expressed in the opacity τ .
Example: yes.
cube_intensity Save the ﬁnal radio cube, expressed in Kelvin. Exam-
ple: yes.
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3
Kinematics and Structure of the HI Disk
S.P.C. Peters, P.C. van der Kruit, R.J. Allen and
K.C. Freeman
We present a new strategy for ﬁtting the structure and kinematics of
the HI in edge-on galaxies using a ﬁt to the terminal-velocity chan-
nelmaps of a radio cube. The strategy can deal with self-absorbing
HI gas and the presence of warps. The method is ﬁrst tested on a
series of models. We demonstrate that ﬁtting optically thin mod-
els to real galaxies will lead to an overestimation of the thickness
and velocity dispersion, and to a serious underestimation of the HI
face-on column densities. We subsequently ﬁt both self-absorption
and optically thin models to the HI data of six edge-on galaxies. In
three of these we have also measured the velocity dispersion. On
average 27 ± 6% of the total HI mass of edge-on galaxies is hidden
by self-absorption. This implies that the HI mass, thickness and ve-




In Chapter 1, we have presented the HI observations for eight edge-on late-
type galaxies. One of our main conclusions was that the HI showed clear signs
of self-absorption, which created the risk of a rather drastic underestimation
of the baryonic content of the galaxy. We developed a new HI modelling and
ﬁtting system called Galactus in Chapter 2 to test address this problem.
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We showed that the HI self-absorption indeed has a drastic impact on the
observed maximum surface brightness temperature. Self-absorption needs to
be taken into account when modelling the HI in edge-on galaxies.
The main goal of our project throughout this series of chapters is to measure
the hydrostatics at the central plane of edge-on galaxies. To get to this, we
will need to derive the rotation curve vrot(R), face-on surface density AHI(R),
thickness of the disk z0(R) and velocity dispersion σ(R) accurately. Secondary
parameters, such as the exact kinematic position in RA, DEC and the sys-
temic velocity vsys, will also need to be derived. While warps are of scientiﬁc
interest, they represent a disturbance of the central plane of the galaxy. The
physics behind warps is not well understood (Gentile et al. 2003). Using the
hydrostatics from the warped region would be a dangerous and ultimately
futile exercise. We therefore refrain from modelling the warps. The channel
maps of the observations, with the model superimposed on it, will be used to
estimate the position at which the warp sets in. Beyond this position, we will
not calculate the hydrostatics.
Fitting the HI structure and kinematics of edge-on galaxies by modelling the
position-velocity (XV) diagram has a long-standing record of accomplishment.
Various methods have been devised, initially only to derive the rotation curve
and the radial distribution of HI surface brightness, and in some cases also
the ﬂaring (the increasing thickness as a function of galactocentric radius) of
the HI layer (e.g. Sancisi & Allen (1979); van der Kruit (1981); Rubin et al.
(1985); García-Ruiz et al. (2002); Takamiya & Sofue (2002); Uson & Matthews
(2003); Kregel & van der Kruit (2004); Kregel et al. (2004) and others). More
recently, Olling (1996a,b) and O’Brien et al. (2010a,b,c,d) have measured the
HI velocity dispersion. The paper by O’Brien et al. (2010b) provides a detailed
description of the various methods and a discussion on the relative merits and
pitfalls.
In this chapter, we develop a new approach to modelling the HI properties of
an edge-on galaxy, which consists of ﬁtting channel maps near the terminal
velocity of the galaxy. In Section 3.2, we explain this ﬁtting strategy in more
detail. Section 3.3 then applies this strategy on a series of test models and
demonstrates the validity of the method. The kinematics and structure of six
edge-on galaxies is subsequently presented in Section 3.4.
3.2 Fitting Strategy for Edge-on Galaxies
In Section 2.5, we demonstrated that face-on galaxy NGC2403 has at least 10%
more HI mass than an optically thin model would have measured. Rotating
NGC2403 to an edge-on geometry with a median spin temperature of 100K,
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we found that 22% of the total HI mass would have been hidden by self-
absorption. A lower median spin temperature of 80K increases this fraction
to 30% (see Section 2.7). Any attempt to model an edge-on galaxy as optically
thin will thus suﬀer from a drastic underestimation of total HI mass.
While this is troubling enough by itself, other questions regarding the eﬀect
of the self-absorption can also be raised:
• What is the eﬀect of self-absorption on the rotation-curve estimation?
• Is the thickness of the disk still measured properly?
• What is the impact on the measured velocity dispersion?
A common practice for measuring the kinematics of edge-on galaxies is through
the outer envelope of the (integrated) XV diagram, either adopting the peak
ﬂux as the rotation at the line of nodes, or by ﬁtting a half-Gaussian to the
terminal velocities (e.g. Sancisi & Allen 1979; Olling 1996a; Kregel & van
der Kruit 2004; O’Brien et al. 2010b,c, and references therein). Both the
velocity dispersion and thickness of the disk can change the mid-plane surface
brightness in a particular channel. This creates a degeneracy between the
two parameters. As such, there is no practical way for correcting for the self-
absorption using only the mid-plane or integrate XV-diagrams of a galaxy. We
therefore opt for a diﬀerent strategy and model the channel-maps of the HI
cube directly. An advantage to this strategy is that we can ﬁt all four main
parameters (e.g. the rotation curve, face-on surface density, velocity dispersion
and the thickness) simultaneously and self-consistently. After much trail-and-
error, we have devised the following three-pass strategy for ﬁtting edge-on
galaxies, using the Galactus ﬁtting code developed in Chapter 2.
In the ﬁrst pass, we ﬁx the velocity dispersion at a constant value of 10 km/s
and ﬁt the rotation curve, face-on surface density and thickness of the disk.
The central position (x, y, vsys) along with the position angle PA are also
ﬁtted during this pass. Tests have shown that measuring the exact inclination
is diﬃcult, so we ﬁx the inclination at 90◦. We ﬁt the entire cube. The galaxy
has already been projected such that the major axis aligns with the horizontal
axis in Chapter 1.
The results are subsequently inspected and corrections made where necessary.
We subsequently ﬁx the position and position angle. The galaxy is split in
two halves, which will be ﬁt separately. Based on the results from the initial
ﬁt, we create a mask, such that the terminal velocity is still visible at all radii,
but the radii at lower rotational velocities are masked. The line-of-nodes
velocity is expected near the terminal velocity. We do this because warps and






























Figure 3.1: Moment-zero maps of a model without warp (top), face-on warp (mid-
dle) and a side-on warp (bottom).
asymmetries, together with the self-absorption, lead to degeneracies in the
solution and thus can confuse the ﬁtting algorithm. The masking is done by
hand. Results from subsequent ﬁts are inspected to ensure the line of nodes
rotation is well beyond the masked positions. This is eﬀectively creating an
outer-envelope mask. Rather than just mask the XV diagram, we are now
masking the cube itself. After both sides have their cubes masked, we ﬁt the
rotation curve, thickness, face-on surface density and velocity dispersion. The
results are again inspected, corrected and reﬁt where necessary.
To illustrate the need for an outer-envelope mask, we use Galactus to model
various types of warps. We begin with the parameters of the model from
Section 2.7. The models will be simulated as perfectly edge-on. We generate
three models: The ﬁrst will have no warp, while the second will have a strong
line-of-sight warp (e.g. the maximum deviation from the mid-plane occurs
along the line of sight) and the third one a strong side-on warp (e.g., the
maximum deviation from the mid-plane occurs perpendicular to the line of
sight). The models are run in self-absorption mode at a spin temperature of
100K. Both warps begin at a radius of 13.6 kpc from the center of the galaxy.
The oﬀset of the warp above the plane the increases linearly with one kpc
height for every one kpc radius. It peaks at a radius of 20.4 kpc at a height
of 6.8 kpc. In Figure 3.1, we demonstrate the zeroth-moment maps for the
three models. The presence of a line-of-sight warp is very hard to detect from
this image, as is typical for these types of warps (e.g. Gentile et al. 2003, and
references therein). In contrast, the side-on warp is clearly visible.
Shown in Figure 3.2 are the height-integrated XV diagrams of the three mod-













































































Figure 3.2: Left: Integrated XV-diagrams for a model without a warp (top), a line-
of-sight warp (middle) and a side-on warp (bottom). Right: Integrated XV diagram
of the diﬀerence cube between the non-warped and face-on warp model (top), and the
non-warped and side-on warp model (middle). The blue contours show the outline
of the full XV diagram. The bottom panel reproduces the middle panel, but has the
envelope mask superimposed on top of it. Note that the ﬁtting occurs on the channel
maps rather than the XV-diagram.
els. While some variation is present between the three images, the diﬀerences
are minor. To illustrate the eﬀect of the warp, we have created two diﬀer-
ence XV-maps in Figure 3.2. Here we have subtracted the non-warped cube
from both warped cubes and integrated the absolute values of these diﬀerences
along the minor axis. Both warps create a diﬀerent signature in these diﬀer-
ence maps. The line-of-sight warp creates a bar spread evenly over all lower
velocity channels, while the side-on warp is far more pronounced at higher
positions of x. Unsurprisingly, beyond a position x > 13.6 kpc the warps af-
fect the terminal-velocity channels as well and will thus aﬀect the parameters
extracted from this region. However, as demonstrated by the superimposed
mask in the last panel, the outer envelope of the cube is not aﬀected by the
warp below this position.
Using an envelope mask of the cube, we can thus measure the parameters of an
edge-on galaxy inside the warped region, regardless of the presence of either
a line-of-sight or side-on warp. Had we not masked the lower velocities, then
the eﬀect of the warps would have ‘confused’ the ﬁtting algorithm.
86 chapter 3: Kinematics and Structure of the HI Disk
In the ﬁnal pass, the results are sampled with the Monte-Carlo Markov-Chain
(MCMC) code emcee, which is used to sample the likelihood distribution
in each parameter (see Section 2.2.8 for more details). The results, auto-
correlation and traces are inspected after a suﬃcient number of samples (e.g.
100.000+) have been drawn. When the MCMC has settled into a stable distri-
bution, the ﬁnal 10.000 samples are used to calculate the parameter distribu-
tions. We visualize these parameter distribution in subsequent ﬁgures based
on the central 68.3, 95.5 and 99.7% fractions.
We ﬁt each galaxy in two ways: using both an optically thin model and a self-
absorption model with a spin temperature of 100K. As the physics of warps
is not well understood1, we do not concern ourselves with warps. We ﬁt the
entire galaxy and determine by eye at what radius the warp starts to aﬀect the
ﬂaring measurement. Beyond that radius, the data is considered unreliable.
3.3 Testing the Strategy
3.3.1 High S/N optically thin ﬁt
We ﬁrst test our strategy on a series of models. We begin with an optically
thin model, with a very low noise at σ = 0.1K. The data is modelled at a
distance of 10Mpc, with pixels of 6.8”, a channel width of 3.3 km/s and a
FWHM beam of 13.8”. At only 48K, the maximum surface brightness in the
model is still low, but the maximum signal to noise is very high at 480. We
present the results of the ﬁt to this model in Figure 3.3. As is clear from the
image, the ﬁt matches the initial near perfectly. Only at very high radii where
nearly no HI is present does the ﬁt become unreliable.
3.3.2 Optically Thin Fits
So how does the ﬁtting deteriorate when the noise becomes higher? We double
the size of model from the previous test, such that the radial distance of each
value of the parameters is twice as far out. The cell size is also doubled to 13.8”.
This has the eﬀect of raising the maximum surface brightness temperature to
a more realistic value ∼ 90K. The models are run with noise levels of 1, 3
and 5K. The maximum signal to noise then becomes 93, 30 and 20. The
parameters found in the ﬁts on either sides are smoothed. To create the
combined parameters, the unsmoothed ﬁts to either side are averaged together
and the combined results smoothed. For the rotation curve, ﬂaring and face-on
surface density with a kernel of [1/4, 1/2, 1/2] and the velocity dispersion with
a kernel of [1/3, 1/3, 1/3], as these parameters are found to be more sensitive to
1 see van der Kruit & Freeman (2011) and references therein
3.3: Testing the Strategy 87





































































Figure 3.3: Results from a ﬁt to both sides of an optically thin test model with low
noise (0.1K). Top-left panel shows the rotation curve vrot, top-right panel the face-on
surface density AHI. The lower-left panel shows the FWHM thickness of the disk.
The velocity dispersion σ is shown in the lower-right panel. Green colors denote the
left side of the galaxy, blue colors show the right side. The grey band is the combined
result. Dotted lines show the true parameters of the model.
noise. For the combined result, both sides of the galaxy are averaged together
from the unsmoothed ﬁts, and only then is the combined data smoothed. We
show the results for this ﬁt in Figure 3.4. The rotation curve and the face-on
surface density are recovered well in all cases. Measuring the thickness of the
disk works reasonably well for the 1 and 3K models, but the 5K result starts
to deviate more. The velocity dispersion is the hardest parameter to ﬁt. Only
for the 1K model is the input model recovered suﬃciently well, the 3K result
is marginal and the 5K result is plainly wrong.
3.3.3 Self-absorption Fits
We perform a similar test using these models, but include self-absorption
at a median spin temperature of 100K. The face-on surface density is in-
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Figure 3.4: Optically thin test models with noises of 1K, 3K and 5K (left-to-right).
Top panels shows the rotation curve vrot, second row shows the face-on surface density
AHI. Third row shows the thickness of the model. Fourth row shows the ﬁt to the
velocity dispersion. Green colors denote the left side of the galaxy, blue colors show
the right side. The grey band is the combined result. Dotted lines show the true
parameters of the model.
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Figure 3.5: Self-absorption (Tspin = 100K) test models with noises of 1K, 3K and
5K (left-to-right). Top panels shows the rotation curve vrot, second row shows the
face-on surface density AHI. Third row shows the thickness of the model. Fourth row
shows the ﬁt to the velocity dispersion. Green colors denote the left side of the galaxy,
blue colors show the right side. The grey band is the combined result. Dotted lines
show the true parameters of the model.
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creased to compensate for the self-absorption and now peaks around 1.5 ×
1020 atoms/cm2. We show the results in Figure 3.5. We ﬁnd that the rotation
curve is recovered well in all three models. Both the face-on surface density
and the thickness of the disk are recovered well in the 1 and 3K models. How-
ever, both suﬀer in the 5K models. The velocity dispersion is only recovered
well in the 1K model.
3.3.4 A Aelf-absorption Model Fit as Optically Thin
If in reality the HI is self-absorbing, how wrong will models that assume an
optically-thin medium be? To test this, we ﬁt the self-absorption models from
the previous test with optically-thin models. The results are shown in Figure
3.6. Again the rotation curve is recovered well. Clearly, the rotation curve
does not suﬀer much from self-absorption. As expected, the face-on surface
density is not recovered at all, with the highest column densities estimated
at only ∼ 70% of their true values. The disk is consistently estimated to be
thicker than it in reality is. The velocity dispersion is not recovered at all.
3.3.5 A More Complicated Model
In the previous tests we have modelled and ﬁtted the galaxies at a perfect
edge-on inclination of 90◦. Our ﬁtting strategy always assumes this perfectly
edge-on inclination. As a ﬁnal test, we examine the quality of the ﬁt if the
actual galaxy is not perfectly edge-on, but is at an inclination of 88.8◦. We
also include a modest side-on warp that begins at R = 8 kpc. We again run
the ﬁts with intrinsic noises of 1, 3 and 5K and use optically thin models.
The results are shown in Figure 3.7. The true systemic velocity is recovered
to within 0.6 km/s, while the channel width was 3.3 km/s. The position angle
is accurate to within 0.9◦. The central position is found to within 0.7”. The
measurement of the thickness of the disk is wrong beyond a radius of 9 kpc,
which is due to the onset of the warp. Our conclusions remain the same as
the previous tests: All parameters are recovered well at 1K, but the velocity
dispersion starts to suﬀer at 3K and all parameters suﬀer at 5K.
3.3.6 Concluding Remarks
So what can we conclude? We have shown that our ﬁtting strategy can recover
the parameters in these edge-on galaxies. The rotation curve and the face-on
surface density are recovered well in all cases. The biggest problem in ﬁtting
these galaxies comes from the velocity dispersion, which can only be ﬁt in very
low noise cubes. We will thus adopt a constant velocity dispersion for galaxies
where the noise is too high. The ﬂaring will only be problematic in high noise
cubes. We note that our strategy produces these results in idealized circum-
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Figure 3.6: Optically thin ﬁts to self-absorption (Tspin = 100K) test models with
noises of 1K, 3K and 5K (left-to-right). Top panels shows the rotation curve vrot,
second row shows the face-on surface density AHI. Third row shows the thickness of
the model. Fourth row shows the ﬁt to the velocity dispersion. Green colors denote the
left side of the galaxy, blue colors show the right side. The grey band is the combined
result. Dotted lines show the true parameters of the model.
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Figure 3.7: Optically thin test models with noises of 1K, 3K and 5K (left-to-
right). The reference images have an inclination of 88.8◦. Top panels shows the
rotation curve vrot, second row shows the face-on surface density AHI. Third row
shows the thickness of the model. Fourth row shows the ﬁt to the velocity dispersion.
Green colors denote the left side of the galaxy, blue colors show the right side. The
grey band is the combined result. Dotted lines show the true parameters of the model.
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stances. In reality, the galaxies can (and will) have asymmetries, spiral arms,
warps, lagging halos, etc.; which will make our measurements less accurate
then the presented test models.
We have also shown that ﬁtting a self-absorption reference model with an
optically thin model will lead to bad results. In particular, the face-on surface
density will be too low, while the thickness measured will be too thick and the
velocity dispersion will be wrong. Only the rotation curve will be estimated
to a reasonable degree. As we argued before, galaxies are in reality expected
to have self-absorbing HI . This result thus implies that a long range of results
available in the literature have underestimated their HI content.
3.4 Fits to actual galaxies
In Chapter 1, we have presented the HI observations for eight edge-on galax-
ies. In this section, we will focus on modelling these galaxies in more detail.
We aim to ﬁt the rotation curve, velocity dispersion, thickness and face-on
surface density of the galaxies, as we will use these in Chapter 5 to model the
hydrostatics of the gas. Based on the results of the previous section, it is of
vital importance to have the lowest noise levels we possibly can. To this end,
we re-image the data such that we can still resolve the vertical structure of the
disk, but have the lowest noise possible. For more details on the HI reduction,
see Section 1.4.1. In Table 1.3, we denote the original cubes. IC 5052 has been
re-imaged with a FWHM beam of 25” and a noise σ of 1.7K. ESO115-G021
now has a FWHM beam of 25” and a noise σ of 1.27K. For ESO274-G001, we
adopt the 30” beam from Table 1.3, which has a noise σ of 1.2K. UGC7321
has been re-imaged with a FWHM beam of 25” and a noise σ of 1.7K. Based
on these noise levels and the results of the previous section, we have decided
to model UGC7321, ESO115-G021 and ESO274-G001 with the velocity dis-
persion as a free parameter that can vary with radius. The other galaxies will
be modelled using an assumed constant velocity dispersion of 10 km/s.
We do not include the results for IC 2531 and ESO146-G014. In Section 1.5.1,
we commented on the remarkable thin disk that IC 2531 appeared to have.
This disk, combined with the high noise, made it impossible to measure the
thickness of the HI disk accurately. We were unable to make a reliable ﬁt to
ESO146-G014. As we discussed in Section 1.5.6, the galaxy probably suﬀers
from a warp and is not suﬃciently edge-on for our measurements.
3.4.1 IC5052
Galaxy IC 5052 has proven hard to model. We show both the optically thin
model and the self-absorption model in Figure 3.9. As we noted in Section
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1.5.2, the galaxy has a very strong warp. Looking back at Figure 1.3c, we can
see that the onset of the warp occurs just beyond that same radius (180”).
This warp is responsible for the very large thickness that is found beyond 5 kpc.
The dropping rotation curve beyond 5 kpc is also due to this component.
The self-absorption models have a total mass of 9.5± 0.9× 108M⊙, while the
optically thin recovers only 7.4 ± 0.7 × 108M⊙. This is less than our initial
estimate of 8.9 × 108M⊙ in Table 1.4. This trend is also visible in the other
galaxies. It is because the ﬁt can only model a smooth medium. Local bright
regions in the observations therefore cannot be accurately recovered. Any
warp will also harbor mass, which is not recovered here. Comparing the two
models (and ignoring the right-hand self-absorption model), the optically thin
model is missing 21± 3% of the HI .
O’Brien et al. (2010c) also had trouble with modelling IC 5052. They did
not resolve the warp, but found clear evidence for asymmetry. Comparing
the rotation curves to our work, the results on both sides look similar up to
6 kpc, but subsequent downturn is not detected as strongly in their work. The
thickness estimates are similar. Their face-on column density is beyond 2 kpc
similar to our optically thin result, although due to our smoothing the data
is less bumpy. The inner parts are diﬀerent, but are not well resolved in our
models.
3.4.2 IC5249
The HI structure and kinematics of galaxy IC 5249 have been previously an-
alyzed by Abe et al. (1999), van der Kruit et al. (2001) and O’Brien et al.
(2010c). Abe et al. (1999) report a linearly rising rotation curve to about
100 km/s at 17 kpc. The data was re-analyzed by van der Kruit et al. (2001),
who reports a steeper inner rotation curve that ﬂattens out to 105 km/s at
10 kpc and remains ﬂat throughout the remaining disk. This rotation curve
was conﬁrmed by O’Brien et al. (2010c). Our ﬁts with both the optically thin
model and the self-absorption model conﬁrms their results (Figure 3.10). We
however note that rotation curves diﬀers between both sides, so the galaxy
might be asymmetric.
Comparing the face-on surface densities, our optically thin ﬁt looks very simi-
lar to the observed face-on density by van der Kruit et al. (2001). The peak sur-
face density occurs at a radius of 17-18 kpc at a value of 5.8×1020 atoms/cm2.
More inward, the proﬁle has a lower density. We also reproduce their dip in
the face-on proﬁle at ∼ 11 kpc. The face-on surface density of O’Brien et al.
(2010c) looks similar to our left-side proﬁle. Their joined proﬁle does recover
the peak at 17-18 kpc, but does not have the lower central densities. Our self-
absorption ﬁt ﬁnds more HI . The peak at 17-18 kpc now becomes a plateau
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near at 8× 1020 atoms/cm2 (30% higher). The proﬁle also shows the dip near
11 kpc, although the average inner density remains far higher than the opti-
cally thin result. The inner parts of the optically thin model are ‘saturated’
by the HI from outer radii, and the model compensates for this by lowering
the face-on column densities in the inner parts.
We ﬁnd a strongly ﬂaring disk in both ﬁts, with an inner thickness of only
500 pc, but increasing linearly with radius to nearly 2.6 kpc at 25 kpc. This is
diﬀerent than O’Brien et al. (2010c), who ﬁnds the same linearly increasing
thickness, but only going out to 1.5 kpc thickness at a radius of 20 kpc. An
average thickness of 1.1± 0.3 kpc was reported by van der Kruit et al. (2001),
although their Figure 6 can be seen to increase linearly to a thickness of 3.3 kpc
at 14 kpc. Given their error bars, this result is consistent with our ﬁndings.
Comparing the total masses of both types of ﬁts, we ﬁnd that the optically
thin model has a total HI mass of 4.8 ± 0.2 × 109M⊙. The self-absorption
model ﬁnds a total of 7.8± 0.8× 109M⊙. This would put the hidden HI mass
fraction at 38 ± 4%. The optically thin mass is however signiﬁcantly lower
than our initial estimate of 5.6× 109M⊙ (Table 1.4).
3.4.3 ESO115-G021
Galaxy ESO115-G021 is a symmetric, slow rotating galaxy which we have
managed to ﬁt well (see Figures 3.11 and 3.12). The rotation curve rises from
an initial 30 km/s in the inner parts almost linearly to 65 km/s around 8 km/s.
The only other analysis of the rotation curve of this galaxy is by O’Brien
et al. (2010c), who report a very similar rotation curve. The face-on surface
density of our optically thin model is also similar to theirs: A plateau between
3− 5× 1020 atoms/cm2 and then rapidly dropping oﬀ. The self-absorption ﬁt
to the surface density yields a similar proﬁle, although the inner part has a
bit more HI .
The thickness of this galaxy is remarkably well behaved and consistent between
both ﬁts. Starting near 700 pc in the inner parts, it rises linearly to 1.5 kpc
at a radius of 8 kpc. This is diﬀerent to O’Brien et al. (2010c), who report a
stronger increase to over 3 kpc beyond a radius of 6 kpc, although they note
they had insuﬃcient available positions in their data for a proper ﬁt.
The velocity dispersion ﬁt to the optically thin model is surprising; the galaxy
appears to have an increasing velocity dispersion, which is 7 km/s in the inner
parts and 10 km/s at 6 kpc. The self-absorption velocity dispersion is more
stable, although it is still varying a bit. This behavior is likely due to noise in
the data.
Comparing the total masses, the optically thin model yields 5.6±0.2×109M⊙
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and 7.2± 0.1× 109M⊙ for the self-absorption model. Thus 23± 1% of the HI
is hidden in the model.
3.4.4 ESO138-G014
Galaxy ESO138-G014 has been well resolved. The optically thin model and
the self-absorption model are shown in Figure 3.13. The rotation curve rises
steeply to 70 km/s in the inner parts, and gradually increase to a maximum
of 105 km/s near 8 kpc. Beyond this radius, it levels oﬀ. The curve is very
similar to that measured by O’Brien et al. (2010c).
The disk is reasonably thick, starting at 1.1 kpc near 2.5 kpc radius and in-
creasing linearly towards 1.8 kpc at 9 kpc (for the optically thin model). In
the self-absorption model, the disk is less thick, starting around 1 kpc in the
inner parts and increasing only to 1.5 kpc at 9 kpc. In both models, around
12-13 kpc the thickness suddenly increases drastically, most likely due to a
warp. Note that the increase towards a thickness of 2 kpc in the center is
unreliable. O’Brien et al. (2010c) do not trust their thickness measurements
and so we cannot compare to them.
In the optically thin model, the face-on surface density shows a clear plateau
between 5 and 6× 1020 atoms/cm2 up to a radius of 12-13 kpc, and dropping
oﬀ rapidly beyond that. The self-absorption model results in more HI , with
the plateau at a higher 6− 9× 1020 atoms/cm2. The (optically thin) model of
O’Brien et al. (2010c) also ﬁnds a plateau near 6× 1020 atoms/cm2, although
it is higher near the inner parts.
Comparing the two mass estimates, our optically thin model has a total mass
of 3.4±0.1×109M⊙, while our self-absorption model ﬁnds 4.6±0.2×109M⊙.
The total hidden HI fraction is thus 28± 1% of the total HI .
3.4.5 ESO274-G001
As we discussed in Section 1.5.7, galaxy ESO274-G001 has a strong continuum
source at its central position. This causes strong HI absorption, leading to our
inability to ﬁt the central radii of the galaxy accurately. We trust our results
beyond 1.5 kpc. We show our optically thin and self-absorption ﬁts in Figures
3.14 and 3.15.
The rotation curve of the galaxy starts near 30 km/s in the inner parts and
rises continuously towards a maximum of 80 km/s at 5 kpc. A similar result
was found by O’Brien et al. (2010c).
The face-on surface density proﬁle of the optically thin model hovers between
3 and 5 × 1020 atoms/cm2, with an average around 3.7 × 1020 atoms/cm2.
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The face-on surface density proﬁle of the self-absorption model has more HI
, in a plateau around 5 × 1020 atoms/cm2 up to 5 kpc. In both models, the
HI density drops rapidly towards zero at 8 kpc. The (optically thin) face-on
surface density model of O’Brien et al. (2010c) yielded a similar result as our
optically thin model.
With the exception of the inner part, the thickness of the optically thin galaxy
starts at 600 pc at 2 kpc radius, and increases to 750 pc at a radius of 6 kpc.
Similar to previous galaxies, the self-absorption yields a less thick disk, starting
at 550 pc at 2 kpc, but only increasing to 600 pc at 6 kpc radius. Beyond 6 kpc,
both models yield a very large thickness, although the HI has dropped to
almost zero at those radii. The ﬂaring is very diﬀerent from that measured
by O’Brien et al. (2010c), whom found 100 pc near the inner parts and ﬂaring
out linearly towards 1.8 kpc in the outer parts.
Both our models ﬁnd a velocity dispersion that is dropping with radius. The
optically thin model starts near 13 km/s and drops towards 7 km/s at 6 kpc.
The self-absorption model drops towards 6 km/s at that radius. Beyond this
radius, the velocity dispersion is unreliable. The velocity dispersion measured
by O’Brien et al. (2010c) shows a very diﬀerent behavior, staying constant
around 6.5 km/s up to 6 kpc.
The optically thin model has a total HI mass of 3.1 ± 0.02 × 108M⊙. The
self-absorption model has a total mass of 4.1±0.1×108M⊙. A total of 25±1%
of the HI is thus hidden by self-absorption.
3.4.6 UGC7321
TheHI of galaxy UGC7321 has been previously modelled by Uson &Matthews
(2003) and O’Brien et al. (2010a). Matthews & Wood (2003) investigated the
high-latitude HI of the galaxy is detail. The galaxy is the only in our sample
which has been observed using the VLA. Together with ESO274-G001, the
galaxy has the highest signal to noise in our sample. We show the results for
the ﬁts in Figures 3.16 and 3.17.
The rotation curve rises steeply in the inner parts, only to level of around 9 kpc
at 110 km/s. A similar behavior was reported by Uson & Matthews (2003)
and O’Brien et al. (2010a).
The thickness of the disk starts, in the optically thin model, near 750 pc and
increases linearly towards 1.5 kpc at a radius of 10 kpc. Beyond this radius, the
thickness increases rapidly, due to the presence of a warp. Uson & Matthews
(2003) estimate the onset of the warp at 150” (7.2 kpc), although it becomes
stronger beyond this radius. Our self-absorption ﬁt shows a diﬀerent proﬁle
than the optically thin model. Between zero and ﬁve kpc, the thickness is
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nearly constant at 600-700 pc, and only then ﬂares out to 1.5 kpc at 10 kpc
radius.
Both the optically thin model and the self-absorption model ﬁnd a plateau
in the face-on surface density proﬁle. This plateau remains constant out to
roughly 7 kpc, between 4 and 5× 1020 atoms/cm2 in the optically thin model,
and 6 and 7×1020 atoms/cm2 in the self-absorption model. The optically thin
results are consistent with both Uson & Matthews (2003) and O’Brien et al.
(2010a).
The high quality of the data has also allowed us to ﬁt the velocity dispersion.
The optically thin model hovers between 9 and 10 km/s up to 10 kpc radius.
The self-absorption model yields a decrease from 10 to 8 km/s in the ﬁrst 3 kpc,
but remains ﬂat at 8 km/s up to 10 kpc radius.
The optically thin model has a total mass of 8.9 ± 0.4 × 108M⊙, while the
self-absorption model has a total mass of 1.17 ± 0.02 × 109M⊙. A total of
24± 1% of the HI is thus hidden by self-absorption.
3.4.7 Variations of the Velocity Dispersion with Height
One of the (many) assumptions required for modelling the hydrostatics in a
galaxy, is that the HI velocity dispersion is constant with height (also called
isothermal) and only varies with radius. This has been assumed for a very long
time, as for example by van der Kruit (1981), based on the Galactic work done
by Celnik et al. (1979), who found little evidence for variations. As a ﬁnal
test in this chapter, we wish to test assumption. We use the highly resolved
observation of ESO274-G001. We begin with the self-absorption results from
Section 3.4.5 and ﬁx the ﬂaring at the measured values. A mask was created
on the central plane of the galaxy with a thickness of 290 pc. Two models were
created, one in which only this central plane is visible, and one in which this
plane is masked. The results are shown in Figure 3.8. The rotation curve of
the high latitude ﬁt can be seen to lag compared to the combined and main
proﬁles. The velocity dispersion of the high latitude ﬁt is 1 km/s higher than
the central plane ﬁt, with the combined ﬁt falling in between the other two
curves.
Please note that this test is stretching the data to its absolute limits. The
error-bars are large; the only consolidation is that we observe this behavior in
the ﬁts to the individual sides. We thus provide the results as an indication of
a potential problem: The HI in galaxies might not be isothermal. It is beyond
the scope of this project and the available data to test this in more detail in
this thesis. It will be very interesting to explore this using the next generation
of radio synthesis telescopes.
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Figure 3.8: Fits to the rotation curve and velocity dispersion as function of height.
Measurement in ESO274-G001. The grey curve is the ﬁt to the total galaxy, the cyan
is the ﬁt to the central plane of the galaxy and the green curve is the ﬁt to the data
that excludes the central plane.
3.5 Discussion & Conclusions
In the previous section, we have measured the structure and kinematics of six
edge-on galaxies. For each of these galaxies, we presented a ﬁt that assumed
an optically thin medium, as well as ﬁt of a self-absorption medium with a
spin temperature of 100K. As already predicted in Section 3.3.4, not account-
ing for self-absorption leads to very diﬀerent results than the self-absorption
models give. The most striking of this is the face-on column density, which
is often measured 25% lower in the inner parts of the optically thin models.
Other problems that occur when assuming an optically thin medium are an
overestimation of the thickness of the HI disk and a completely wrong velocity
dispersion. In our test models (Section 3.3.4), the velocity dispersion tends to
be too high in the inner parts and too low in the outer part, when ﬁtting the
optically thin results to a self-absorption model, although this exact behaviour
might not be universal.
The implication of this work is that the HI mass, thickness and velocity dis-
persion of galaxies is typically underestimated in the literature.
Comparing the optically thin results to those published in the literature, we
ﬁnd that our optically thin result match well. Only the velocity dispersion
of the optically thin model appear very diﬀerent compared to the work by
O’Brien et al. (2010c). This diﬀerence is not fully understood, but is most
likely due to the z-integrated PV diagram ﬁtting by O’Brien et al. (2010c).
Self-absorption has the eﬀect of ﬂattening Gaussian proﬁle of the HI at a
particular radius. As the data is integrated with height, it will lead to a
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Name Optically thin mass [M⊙] Self-absorbing mass [M⊙]
IC 5052 7.4± 0.7× 108 9.5± 0.9× 108
IC 5249 4.8± 0.2× 109 7.8± 0.8× 109
ESO115-G021 5.6± 0.2× 109 7.2± 0.1× 109
ESO138-G014 3.4± 0.1× 109 4.6± 0.2× 109
ESO274-G001 3.1± 0.02× 108 4.1± 0.1× 108
UGC7321 8.9± 0.4× 108 1.17± 0.02× 109
Table 3.1: The total HI mass of each galaxy as measured with our outer envelope
strategy assuming either an optically thin or a self-absorbing mass.
diﬀerent observed slope at the outer edges, than would appear in a normal
Gaussian proﬁle.
In Table 3.1, we show the list of all HI masses as measured using our outer
envelope strategy. On average we ﬁnd that 27± 6% of the HI mass is hidden
by self-absorption. In Section 2.7, we predicted that self-absorption would
hide 30% of the mass if galaxy NGC2403 had been viewed edge-on. These
results are thus compatible. However, we stress that our analysis is based on a
couple of important assumption. The ﬁrst is the constant spin temperature of
100K. While this appears to work well for the data, its value is chosen only for
convenience. In reality, the spin temperature is not constant, but is dependent
on location inside the galaxy and the state of the HI gas. Assuming a lower
average spin temperature would have resulted in a much higher total HI mass.
The second assumption is our treatment of the gas as a uniform medium. As
we already discussed in Section 2.2.3, this is not realistic. In our Galaxy, many
lines of sight are known to be optically thick within a couple of hundred parsec,
with the highest concentrations of HI forming into distinct cloud structures
(Taylor et al. 2003; Allen et al. 2012). The simulation of the Galactic plane
by Douglas et al. (2010) shows that the opacity τν can go well above 25.
Due to beam smearing and the large distances, we cannot resolve those cloud
structures in our galaxies and as such, a uniform medium is justiﬁed. We
stress however that because of the cloud structure of the HI , it could well
hiding even more HI in the densest parts of these clouds. An analysis of the
cloud structure in the nearby face-on galaxy M31 by Braun (2012), showed
that 34% of the HI was already hidden. The edge-on galaxies analyzed here
could thus hide far more HI than was measured here.
With these assumptions in mind, we conclude that our new ﬁtting strategy,
along with the presented self-absorption models, are a more accurate represen-
tation of the neutral hydrogen content of edge-on galaxies, than the optically-
thin decomposition strategies presented here and by other authors.
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Figure 3.9: Decomposition results for IC 5052 assuming an optically thin mode (left
column) and self-absorbing HI medium (right column). Color ranges have been chosen
such that they contain 68%, 95% and 99.7% of the distribution. Assuming a normal
distribution, this represents the 1, 2 and 3σ dispersion from the mean. Green lines
are for the left side of the galaxy, cyan lines for the right side.
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Figure 3.10: Decomposition results for IC 5249 assuming an optically thin mode
(left column) and self-absorbing HI medium (right column). Color ranges have been
chosen such that they contain 68%, 95% and 99.7% of the distribution. Assuming a
normal distribution, this represents the 1, 2 and 3σ dispersion from the mean. Green
lines are for the left side of the galaxy, cyan lines for the right side. The grey band is
the combined result. Dotted lines show the true parameters of the model.
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Figure 3.11: Decomposition results for ESO115-G021 assuming an optically thin
model. Color ranges have been chosen such that they contain 68%, 95% and 99.7%
of the distribution. Assuming a normal distribution, this represents the 1, 2 and 3σ
dispersion from the mean. Green lines are for the left side of the galaxy, cyan lines
for the right side. The grey band is the combined result. Dotted lines show the true
parameters of the model.
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Figure 3.12: Decomposition results for ESO115-G021 assuming a self-absorption
model. Color ranges have been chosen such that they contain 68%, 95% and 99.7%
of the distribution. Assuming a normal distribution, this represents the 1, 2 and 3σ
dispersion from the mean. Green lines are for the left side of the galaxy, cyan lines
for the right side. The grey band is the combined result. Dotted lines show the true
parameters of the model.
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Figure 3.13: Decomposition results for ESO138-G014 assuming an optically thin
mode (left column) and self-absorbing HI medium (right column). Color ranges have
been chosen such that they contain 68%, 95% and 99.7% of the distribution. Assuming
a normal distribution, this represents the 1, 2 and 3σ dispersion from the mean. Green
lines are for the left side of the galaxy, cyan lines for the right side. The grey band is
the combined result. Dotted lines show the true parameters of the model.
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Figure 3.14: Decomposition results for ESO274-G001 assuming an optically thin
model. Color ranges have been chosen such that they contain 68%, 95% and 99.7%
of the distribution. Assuming a normal distribution, this represents the 1, 2 and 3σ
dispersion from the mean. Green lines are for the left side of the galaxy, cyan lines
for the right side. The grey band is the combined result. Dotted lines show the true
parameters of the model.
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Figure 3.15: Decomposition results for ESO274-G001 assuming a self-absorption
model. Color ranges have been chosen such that they contain 68%, 95% and 99.7%
of the distribution. Assuming a normal distribution, this represents the 1, 2 and 3σ
dispersion from the mean. Green lines are for the left side of the galaxy, cyan lines
for the right side. The grey band is the combined result. Dotted lines show the true
parameters of the model.
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Figure 3.16: Decomposition results for UGC7321 assuming an optically thin model.
Color ranges have been chosen such that they contain 68%, 95% and 99.7% of the dis-
tribution. Assuming a normal distribution, this represents the 1, 2 and 3σ dispersion
from the mean. Green lines are for the left side of the galaxy, cyan lines for the right
side. The grey band is the combined result. Dotted lines show the true parameters of
the model.
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Figure 3.17: Decomposition results for UGC7321 assuming a self-absorption model.
Color ranges have been chosen such that they contain 68%, 95% and 99.7% of the dis-
tribution. Assuming a normal distribution, this represents the 1, 2 and 3σ dispersion
from the mean. Green lines are for the left side of the galaxy, cyan lines for the right
side. The grey band is the combined result. Dotted lines show the true parameters of
the model.
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The Structure of Stellar Disks in Edge-on Galaxies
S.P.C. Peters, G. de Geyter, P.C. van der Kruit and
K.C. Freeman
We present optical and near-infrared archival observations of eight
edge-on galaxies. These observations are used to model the stellar
content of each galaxy using the FitSKIRT software package. Using
FitSKIRT, we can self-consistently model a galaxy in each band
simultaneously while treating for dust. This allows us to accurately
measure both the scale length and scale height of the stellar disk,
plus the shape parameters of the bulge. By combining this data
with the previously reported integrated magnitudes of each galaxy,
we can infer their true luminosities. We have successfully modelled
seven out of the eight galaxies in our sample. We ﬁnd that stellar
disks can be modelled correctly, but have not been able to model
the stellar bulge reliably. Our sample consists for the most part of
slow rotating galaxies, and we ﬁnd that the average dust layer is
much thicker than what is reported for faster rotating galaxies.
In preparation.
4.1 Introduction
Edge-on galaxies oﬀer a unique perspective on the distribution of stars and
dust in galaxies. A clear example of this is the discovery of truncations at the
outer edge of their stellar disks, a discovery that was found in edge-on galaxies
back in 1979 (van der Kruit 1979). Subsequent authors have conﬁrmed the
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presence of truncations, such as the study of 34 edge-on galaxies by Kregel
et al. (2002a), who found that at least 20 of these galaxies (∼ 60% of the
sample) have truncations. Only recently have observations reached suﬃcient
depth for truncations to be detected in face-on galaxies (see Chapter 7). An-
other advantage to edge-on perspective is the ability to resolve the vertical
distribution of both the stars and the dust.
A major drawback to the edge-on perspective is the more complex geometry,
which implies that each position x along the major axis is a superposition of
light emitted at a range of radii R. Various authors have therefore set out to
disentangle edge-on galaxies and extract their radial structure. One approach
to this is to deproject the edge-on image using the inverse Abel transform
(Binney & Tremaine 1987). This method was ﬁrst applied by Florido et al.
(2001) and Florido et al. (2006) in a study of the mid-plane of edge-on galaxies
in the near infrared. Pohlen et al. (2007) extended the method to study both
the radial and vertical distribution of eleven edge-on galaxies. UGC7321 was
studied in this way by O’Brien et al. (2010d).
Dust can seriously hamper this type of deprojection, as there is no simple way
incorporate its complex interplay of scattering, absorption and emission, in
the inverse Abel transform. An alternative strategy for deriving the radial
properties of the galaxy is to model the entire galaxy including the dust. By
using appropriate ﬁtting algorithms, the model can be tweaked in various
ways until it matches the observation. Various authors applied this method
to edge-on galaxies, such as Xilouris et al. (1999) and Bianchi (2007).
FitSKIRT was developed by de Geyter et al. (2013) as an automatic ﬁtting
extension for the SKIRT 3D-continuum Monte-Carlo radiative transfer code
(Baes & Dejonghe 2001a,b; Baes et al. 2003, 2011). FitSKIRT makes use of
the GAlib genetic algorithm to ﬁt a parameterized model of a galaxy (Wall
1996). In the so-called oligochromatic mode, the code can ﬁt multiple bands
simultaneously. This mode was used by de Looze et al. (2012) to model edge-
on galaxy NGC4565 from the UV to the mid-infrared self-consistently. This
method has been applied by de Geyter et al. (2014) to a set of twelve edge-on
galaxies selected from the CALIFA survey.
In the previous chapter, we have modelled the HI structure and kinematics
of eight edge-on dwarf galaxies, as part of our project to model their dark
matter halo by inferring its properties from their baryonic content. In the
current chapter, we continue this project by modelling the stellar and dust
components of these eight edge-on galaxies. We have collected a large set of
observations, which we present in Section 4.2. The models and strategy by
which we ﬁt the data are presented in Section 4.3. The ﬁts to the data using
FitSKIRT are presented in Section 4.4, after which we discuss the results in
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Section 4.5 and conclude the chapter in Section 4.6.
4.2 Data
FitSKIRT can model observations ranging from the UV to the infrared. The
more bands are available to it, the better the models can be constrained. In
this chapter, we continue the analysis of the eight edge-on galaxies from the
previous chapters. See Table 1.2 for an overview of the sample. In order to
get the largest dataset, a wide range of archives, both online and oﬀ-line, has
been explored. For most galaxies, a large set of archived observations were
available. Unfortunately, the signal-to-noise ratio in many of these (survey)
observations was insuﬃcient, as the low surface brightness nature of most of
these galaxies necessitated longer exposure times than were used. In total, we
use data from ten telescopes in nine bands, giving a minimum of three bands
per galaxy, and a maximum of nine. A full overview of the used observations
is shown in Table 4.1.
4.2.1 Data Reduction
FitSKIRT does not require the data to be calibrated, so we skipped that step
in the reduction. As our observations come from a wide range of telescopes,
each required its own treatment.
2.3m ANU Advanced Technology Telescope
The 2.3m ANU Advanced Technology Telescope with the CASPIR near-
IR camera, located at Siding Spring observatory in Australia, was used
to observe several of the galaxies in the Kn- and H-bands. The data was
archived on tape and was originally intended for use in O’Brien et al.
(2010d). The CASPIR instrument has dedicated software for reducing
the data, which suﬀered from code-rot and did not work correctly any
more. With support from Peter McGrergor at the Research School of As-
tronomy & Astrophysics in Canberra, Australia, along with the manual
and source code for CASPIR, we managed to reconstruct the required
workﬂow and re-implement in Python.
During an observing run, various types of observations were made: bias,
dark, ﬂat, sky and object. First, we create the combined bias and this
from all other types of frames. CASPIR has a non-linear response and it
was thus required to linearize the ﬂat, dark, sky and object frames. The
dark currents were then removed from the sky, object and ﬂat frames,
after which the sky and object frames were ﬂat-ﬁelded. The sky in the
near infrared is bright and varies rapidly. The main observations were
therefore taken as one short object frame followed by a sky frame. The
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Galaxy Filter Telescope Observer/Project Date
IC 2531 I ANU 40inch Telescope J.C. O’Brien 02-03-2002
R ESOLa Silla ESO(B) Atlas 04-02-1986
3.6µm Spitzer IRAC B. Tully 06-03-2013
IC 5052 B ESO1m Schmidt ESO-LV project
H 3.9m Anglo-Australian Telescope S. Ryder & C. Tinney 27-07-2002
I ANU 40inch Telescope J.C. O’Brien 10-07-2002
J UK 48-inch Schmidt Digitized Sky Survey 14-09-1976
R ESO1m Schmidt ESO-LV project
V ANU 40inch Telescope J.C. O’Brien 12-07-2002
3.6µm Spitzer IRAC R. de Jong 18-09-2005
4.5µm Spitzer IRAC R. de Jong 18-09-2005
IC 5249 B ESO1m Schmidt ESO-LV project
H 3.9m Anglo-Australian Telescope S. Ryder & C. Tinney 28-07-2002
I ANU 40inch Telescope J.C. O’Brien 15-07-2002
J UK 48-inch Schmidt Digitized Sky Survey 30-07-1978
Ks 3.9m Anglo-Australian Telescope S. Ryder & C. Tinney 28-07-2002
R ANU 40inch Telescope J.C. O’Brien 11-07-2002
V ANU 40inch Telescope J.C. O’Brien 12-07-2002
3.6µm Spitzer IRAC K. Sheth 31-07-2010
4.5µm Spitzer IRAC K. Sheth 31-07-2010
ESO115-G021 I ANU 40inch Telescope J.C. O’Brien 10-07-2002
J UK 48-inch Schmidt Digitized Sky Survey 09-09-1975
R CTIO 0.9 meter telescope J. Funes 14-09-2001
V ANU 40inch Telescope J.C. O’Brien 12-07-2002
3.6µm Spitzer IRAC R. Kennicutt 12-09-2007
4.5µm Spitzer IRAC R. Kennicutt 12-09-2007
ESO138-G014 B ESO1m Schmidt ESO-LV project
H 2.3m Advanced Technology Telescope J.C. O’Brien 16-07-2002
I ANU 40inch Telescope J.C. O’Brien 10-07-2002
R ESO1m Schmidt ESO-LV project
V ANU 40inch Telescope J.C. O’Brien 12-07-2002
3.6µm Spitzer IRAC B. Tully 09-05-2012
ESO146-G014 I ANU 40inch Telescope J.C. O’Brien 10-07-2002
Ks 3.9m Anglo-Australian Telescope S. Ryder & C. Tinney 28-07-2002
3.6µm Spitzer IRAC G. Rieke 31-10-2006
ESO274-G001 J UK 48-inch Schmidt Digitized Sky Survey 14-03-1975
R Danish 1.54m J. Rossa 01-08-2000
V ANU 40inch Telescope J.C. O’Brien 12-07-2002
3.6µm Spitzer IRAC B. Tully 10-05-2012
UGC7321 I ANU 40inch Telescope J.C. O’Brien 04-03-2002
J Palomar 48-inch Schmidt Digitized Sky Survey 23-03-1990
R ANU 40inch Telescope J.C. O’Brien 11-07-2002
3.6µm Spitzer IRAC L. Matthews 26-12-2005
4.5µm Spitzer IRAC L. Matthews 26-12-2005
Table 4.1: Details of stellar observations
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sky frames before and after each object frame were used to subtract the
sky from a particular object frame. The ﬁeld-of-view of CASPIR only
covers a fraction of a galaxy, so a dithering pattern was used to cover
the entire galaxy. The information on the exact dithering pattern was
unavailable and we thus resorted to manually calibrating the world coor-
dinate system of each frame, using iraf. Each galaxy consisted of more
than 50 object frames. Afterwards we use the Montage tool-kit1 to
automatically create a montage of all these frames. This process auto-
matically performs background rectiﬁcation between the various frames.
3.9m Anglo-Australian Telescope
The IRIS2 instrument on the 3.9m Anglo-Australian Telescope, located
at Siding Spring observatory in Australia, was used for various Ks- and
H-band observations. Observations were found on tape and were origi-
nally intended for use in O’Brien et al. (2010d). In contrast to the 2.3m
ANU Advanced Technology Telescope observations, the ﬁeld-of-view is
much larger and covers the entire galaxy and the surrounding patch of
sky. The IRIS2 instrument has custom software, which automatically
runs through the entire workﬂow and returns the reduced science-ready
frame.
ANU 40inch Telescope
The Australian National University (ANU) 40-inch telescope, located at
Siding Spring observatory in Australia, was used to observe several of
our galaxies, as intended for use in O’Brien et al. (2010d). The data
was archived on tapes. The traditional IRAF workﬂow of bias and ﬂat-
ﬁelding removal was performed to reduce the data.
CTIO 0.9-meter telescope
The R-band image for ESO115-G021 was taken using the 0.9-meter tele-
scope located at the Cerro Tololo Inter-American Observatory (CTIO)
in Chili. The observation was taken as part of the Spitzer Local Volume
Legacy project and was provided science-ready online at the NASA/IPAC
Extragalactic Database (NED)2.
Danish 1.54m
The Danish 1.54-m Telescope is located at the European Southern Obser-
vatory (ESO) La Silla site in Chili. The R-band image for ESO274-G001
was previously published by Rossa & Dettmar (2003) and was available
science-ready online via NED.
1 Available at http://montage.ipac.caltech.edu/
2 Available at http://ned.ipac.caltech.edu/
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ESO1m Schmidt
The ESO-LV survey Lauberts & Valentijn (1988) digitized 606 blue and
606 red ESOphotographic survey plates. The data was available science-
ready through NED.
ESOLa Silla
The ESO red-band survey has been digitized using the MAMA micro-
densitometer and provided as science-ready data and available through
a virtual-observatory (VO) interface. These images were originally part
of the ESO(B) Atlas, taken with the ESO1-m Schmidt telescope at La
Silla, Chile (Lauberts 1982).
Palomar 48-inch Schmidt
The 48-inch Schmidt telescope at Palomar Observatory in the United
States was used to create the Palomar Sky Survey (POSS). This survey
was later digitized into the Digitized Sky Survey (DSS). The data was
provided science-ready through a virtual-observatory interface.
Spitzer IRAC
The Spitzer Space Telescope archive had 3.6µm observations of all our
galaxies and for several also 4.5µm observations. The observations were
taken for a range of projects (Dale et al. 2009; Sorce et al. 2012; En-
gelbracht et al. 2008; Sheth et al. 2010; Radburn-Smith et al. 2011;
MacLachlan et al. 2011). The Spitzer Heritage Archive1 provided direct
online access to the science-ready frames.
UK 48-inch Schmidt
The UK 48-inch Schmidt, located at Siding Spring in Australia, was used
in an all-sky survey. This was digitized into the DSS and was available
science-ready through a virtual-observatory interface.
4.2.2 Astrometric Calibration
The astrometric solution associated with the various observations would of-
ten be in disagreement between bands, causing galaxies to be oﬀset slightly
between bands. We therefore use the solve-field program, which is part of
the astrometry.net project, to ﬁt a new astrometric calibration to all the
observations.
4.2.3 Masking
To avoid ﬂux contamination, it was required to mask all fore- and background
objects. For each galaxy, the band with the most prominent stars was selected.
1 Available at http://sha.ipac.caltech.edu/applications/Spitzer/SHA
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We used the ds9 display tool to draw regions on each object, after which a
custom Python program set the pixels in these regions to a value of zero.
Pixels with a value of zero are ignored by FitSKIRT, and we thus do not
need to interpolate over them. We also used this program to draw a polygon
around each galaxy, beyond which the image was masked. In most cases
there was only little masking required. The galaxies closer to the galactic
plane, however, required far more extensive masking, with the total amount
of masks drawn for ESO274-G001 well beyond a thousand. The region masks
were copied to the other bands using ds9. The ﬁles were then inspected and
additional masking applied where required.
4.2.4 Normalization
To avoid overly long computations, all images were rotated to align their major
axis with the horizontal image axis, and then shrunk down to a width of ∼ 700
pixels. We subtract the average background from the image. The image was
then divided by the total ﬂux, such that the sum of the image become one.
This last step is required by FitSKIRT, as it prevents a particularly bright
band from dominating the ﬁtting result.
4.3 Data Fitting
The data will be modelled using FitSKIRT with the following components
(de Geyter et al. 2013). The disk of each galaxy is modelled as a double-
exponential disk. No truncation was included in the model, as this is currently
not supported by FitSKIRT. Truncations are known to occur near the onset
of the HI warp (van der Kruit 2007) and this region is not of interested for our
goal of measuring the mid-plane hydrostatics (see also Section 3.2). Developing
a truncated model was discussed, but considering the quality of the data,
the current research questions and the computational cost associated with
additional free parameters, we have decided not to. The disk thus follows the
luminosity distribution












with Ld,∗ the total disk luminosity, hR,∗ and hz,∗ the disk scale length and
scale height, plus R and z as the radial and vertical coordinates.
A bulge was also included, which follows the luminosity density (de Geyter
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et al. 2013)














with the total bulge luminosity Lb,∗, the eﬀective radius Re, the Sersic function
Sn and the ﬂattening of the bulge q.















with the dust density ρ, the total dust massMd, and the dust scale length and
scale height hR,d and hz,d. The galaxies in our sample are late-type dwarfs and
we do not expect them to have a lot of dust. We include dust in the results
for completeness, but stress that we are skeptical about the exact quantities
measured. The inclination can vary between 86◦ and 90◦ to get the best ﬁt.
However, with the absence of dust bands in most of our galaxies, we cannot
conﬁrm the exact inclination.
Including the inclination i and the exact central position, the model has a
total of 11 global free parameters, plus two additional free parameters per
band (the disk luminosity Ld,∗ and bulge-to-disk ratio B/D). FitSKIRT ﬁts
the data using the GaLib genetic algorithm (Wall 1996). We use a population
of 200 individuals and evolve the model for 100 iterations. We run ﬁve ﬁts for
each galaxy. The Millipede Cluster of the University of Groningen was used
to perform all ﬁts. A ﬁt typically takes 30 hours.
Due to the random path the light follows in the model, no two instances
of the model will be the same. As such, both the observation and the model
















| Iobj,j | +Imod,j . (4.6)
The lowest χ2 value is adopted as the true value. The error in each parameter
is taken as the standard deviation from the ﬁve runs.
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4.4 Results
The results for each galaxy are shown in Table 4.2. The quality of the indi-
vidual ﬁts can be seen in Table 4.3. When available, we also list the published
integrated magnitude L*,band. Where needed, these have been corrected for
Galactic foreground extinction using the Schlaﬂy & Finkbeiner (2011) recali-
bration of the Schlegel et al. (1998) infrared-based dust map, as calculated in
NED. Before the disk luminosity Ld,∗ produced in FitSKIRT can be used for
further analysis, it ﬁrst needs to be calibrated. This can be done by multiply-
ing it with 1015L*,band, where L*,band is the integrated luminosity, expressed
in W/m2, as measured without dust absorption.
4.4.1 IC2531
Galaxy IC 2531 is the only Sb galaxy in our sample, and has the highest
maximum circular velocity in our sample at vmax = 260.5 km/s (Table 4.2).
This is nearly twice the maximum circular velocity of the other galaxies in our
sample. The central brightness component has not been reproduced correctly.
This bulge is most likely a peanut-shaped or boxy, which requires a diﬀerent
bulge model than adopted here (Jarvis 1986; de Souza & Dos Anjos 1987).
The scale length is hR,∗ = 5077 ± 262pc and the scale height hz,∗ = 613 ±
46pc. Kregel et al. (2002a) report a much longer hR,∗ = 12511± 2643 pc and
hz,∗ = 658.5± 65.8pc. The galaxy features a very prominent dust lane, which
Kregels I-band model does not treat for and so their scale length might be
overestimated. Xilouris et al. (1999) has also performed a ﬁt to the galaxy
that did include a treatment for the dust. They report a K-band scale length
of hR,∗ = 5.04 ± 0.1 kpc and a scale height of 0.45 ± 0.02 kpc. The dust is
found to have a (K-band) scale length of hR,d = 8.00 ± 0.3 kpc and a scale
height of hz,d = 0.22 ± 0.03 kpc, which is similar to the hR,d = 7.0 ± 2.2 kpc
and hz,d = 0.3± 0.1 kpc reported here.
4.4.2 IC5052
Galaxy IC 5052 has proven hard to model, as the galaxy showed clear asym-
metries. We therefore opted to model both sides of the galaxy separately
(Figures 4.2, 4.3, 4.4 and 4.5). This forced us to ﬁx the center of the galaxy,
which has clearly hampered the results. From an inspection of the images, we
conclude that the left side better represents the galaxy, although the ﬁt is far
from perfect. The scale length for the left side hR,∗ is 857±68 pc and the scale
height hz,∗ is 124± 80 pc, which makes this the galaxy with the shortest scale
length in our sample. Comerón et al. (2011) has also modelled this galaxy us-
ing a double disk approach, and report a thick disk scale length of 470-530 pc
and a thin disk scale length of 140-170 pc. They note that the galaxy can also
























































































































































































































































































Galaxy Band Magnitude B/D Ld [⊙] Lb [⊙] Ltot [⊙] MHI/Ltot χ2 Source
IC 2531 R 12.5 0.01 3.49E+09 3.49E+07 3.52E+09 2.1 0.47 Doyle et al. (2005)
I 11.9 0.07 2.97E+09 1.99E+08 3.17E+09 2.3 0.18 Doyle et al. (2005)
Wise1 0.07
IC 5052 (left) B 11.6 0.64 2.05E+09 1.31E+09 3.36E+09 0.3 0.26 Doyle et al. (2005)
H 9.1 2.00 9.41E+08 1.88E+09 2.82E+09 0.3 0.20 Jarrett et al. (2003)
I 11.4 2.00 2.23E+08 4.46E+08 6.69E+08 1.3 0.14 Doyle et al. (2005)
J 9.7 2.00 7.70E+08 1.54E+09 2.31E+09 0.4 0.13 Jarrett et al. (2003)
R 11.7 2.00 2.79E+08 5.58E+08 8.37E+08 1.1 0.10 Doyle et al. (2005)
V 11.0 0.69 1.76E+09 1.22E+09 2.98E+09 0.3 0.14 de Vaucouleurs et al. (1991b)
Wise1 0.12
Wise2 0.16
IC 5052 (right) B 11.6 1.49 6.77E+08 1.01E+09 1.69E+09 0.5 0.14 Doyle et al. (2005)
H 9.1 2.00 8.62E+08 1.72E+09 2.59E+09 0.3 0.17 Jarrett et al. (2003)
I 11.4 1.62 1.92E+08 3.10E+08 5.02E+08 1.8 0.07 Doyle et al. (2005)
J 9.7 2.00 6.74E+08 1.35E+09 2.02E+09 0.4 0.07 Jarrett et al. (2003)
R 11.7 0.93 3.46E+08 3.21E+08 6.67E+08 1.3 0.08 Doyle et al. (2005)
V 11.0 2.00 5.96E+08 1.19E+09 1.79E+09 0.5 0.06 de Vaucouleurs et al. (1991b)
Wise1 0.07
Wise2 0.06
IC 5249 B 13.9 0.26 2.33E+09 5.96E+08 2.93E+09 1.9 0.42 Doyle et al. (2005)
H 12.3 0.85 6.40E+08 5.42E+08 1.18E+09 4.7 0.18 Skrutskie et al. (2006)
I 13.7 0.46 5.26E+08 2.42E+08 7.68E+08 7.3 0.30 Doyle et al. (2005)
J 13.1 0.10 7.60E+08 7.60E+07 8.36E+08 6.7 0.11 Skrutskie et al. (2006)
K 12.6 0.86 5.67E+08 4.85E+08 1.05E+09 5.3 0.41 Skrutskie et al. (2006)




ESO115-G021 I 13.1 2.00 1.21E+07 2.42E+07 3.63E+07 17.1 0.11 Doyle et al. (2005)
J 14.1 0.01 7.01E+06 7.01E+04 7.08E+06 87.6 0.13 Jarrett et al. (2003)
R 13.1 0.54 3.21E+07 1.75E+07 4.96E+07 12.5 0.08 Doyle et al. (2005)
V 12.6 0.58 8.89E+07 5.18E+07 1.41E+08 4.4 0.15 de Vaucouleurs & Longo (1988)
Wise1 10.5 1.08 1.03E+08 1.11E+08 2.14E+08 2.9 0.19 Dale et al. (2009)
Wise2 10.4 1.23 1.05E+08 1.30E+08 2.35E+08 2.6 0.35 Dale et al. (2009)
ESO138-G014 B 12.8 0.10 4.17E+09 4.04E+08 4.57E+09 0.6 0.32 Doyle et al. (2005)
H 10.6 0.30 1.98E+09 5.88E+08 2.57E+09 1.1 0.43 Jarrett et al. (2003)
I 12.4 2.00 3.81E+08 7.62E+08 1.14E+09 2.5 0.07 Doyle et al. (2005)
R 12.7 0.01 1.40E+09 1.40E+07 1.41E+09 2.1 0.27 Doyle et al. (2005)
V 0.08
Wise1 0.14
ESO146-G014 I 13.9 0.39 1.78E+08 6.87E+07 2.47E+08 7.7 0.14 Doyle et al. (2005)
K 0.87 1.08
V 14.6 1.98 1.23E+08 2.43E+08 3.66E+08 5.2 0.17 Zackrisson et al. (2006)
ESO274-G001 V 10.1 0.56 9.91E+08 5.55E+08 1.55E+09 0.2 0.04 de Vaucouleurs et al. (1991b)
J 8.7 0.55 9.01E+08 4.96E+08 1.40E+09 0.2 0.08 Jarrett et al. (2003)
R 10.9 0.73 2.42E+08 1.77E+08 4.19E+08 0.8 0.07 Doyle et al. (2005)
Wise1 0.13
UGC7321 R 12.7 1.04 2.92E+08 3.05E+08 5.97E+08 1.6 0.05 Taylor et al. (2005)
I 12.4 1.08 2.00E+08 2.16E+08 4.16E+08 2.4 0.04 Makarova (1999)
J 11.5 0.01 5.00E+08 5.00E+06 5.05E+08 1.9 0.09 Jarrett et al. (2003)
Wise1 10.3 2.00 2.51E+08 5.02E+08 7.53E+08 1.3 0.02 Dale et al. (2009)
Wise2 10.3 2.00 2.57E+08 5.14E+08 7.71E+08 1.3 0.05 Dale et al. (2009)
Table 4.3: For each ﬁlter band, the χ2 quality of the ﬁt is shown. If available, the
literature brightness is shown together with its source. Where this is available, the
total brightness of the galaxy in that band is calculated
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be modelled successfully with a single disk. Overall, we ﬁnd that the galaxy
is very clumpy in its light distribution, which cannot be ﬁt properly by the
models.
4.4.3 IC5249
The overall quality of the ﬁt is very good. The scale length is hR,∗ = 6828 ±
340pc, while the scale height is hz,∗ = 242 ± 20 pc. Similar results have also
been found in previous studies. Carignan (1983) analyzed the galaxy in the
B-band and distinguished two components, one at 18 kpc and one at 2.5 kpc.
Wainscoat (1986) conﬁrmed these results using H, I and K-band data. The
galaxy was also analyzed by Byun (1992) in the B, R and I (van der Kruit
et al. 2001). Abe et al. (1999) discovered a very sharp truncation at two scale
lengths. We do not ﬁnd any indication of a second disk component as Carignan
(1983), although their second component might well have been the bulge we
ﬁnd here.
4.4.4 ESO115-G021
A large amount of masking was required for ESO115-G021 (Figure 4.8). The
dwarf galaxy has been modelled successfully, although it is still clumpy. The
stellar disk scale length hR,∗ is only 1108 ± 280 pc, while the scale height is
hz,∗ also only 149 parsec. The galaxy is very faint and emits only 5.0× 107L⊙
in the R-band. In comparison to the neutral hydrogen mass, the MHI/LR is
12.5, the highest in our sample.
4.4.5 ESO138-G014
ESO138-G014 also required extensive masking (Figure 4.9). Despite this, the
overall ﬁt is okay. With hR,∗ = 2288 ± 59pc and hz,∗ = 217 ± 10 pc, the
stellar disk is twice as long as ESO115-G021 and slightly thicker. Kregel
et al. (2002a) previously modelled this galaxy without dust and reported a
larger disk with hR,∗ = 3779 pc and hz,∗ = 382± 10 pc.
4.4.6 ESO146-G014
ESO146-G014 is a known low-surface brightness galaxy and is extremely metal
poor (Roennback & Bergvall 1995; Morales-Luis et al. 2011). The galaxy is a
slow rotator vmax = 84.1 km/s and is very patchy in nature, as can be seen in
Figure 4.10. Because of this, the ﬁt is far from perfect. As can be seen in all
three bands, the galaxy has a very bright central region, but also has a bright
spot 50” east of the center. The galaxy is also asymmetric, as can be seen
most clearly in the V-band image.
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4.4.7 ESO274-G001
Galaxy ESO274-G001 is very close to the Galactic plane, with a Galactic
latitude of only 9.3◦. The four bands therefore required an exceptional amount
of masking (Figure 4.11), but the ﬁt was still successful. The galaxy has a
stellar disk scale length hR,∗ of 1270±59 pc and a scale height hz,∗ of 161±2pc,
which is very similar to ESO115-G021. The overall appearance is diﬀerent
from that galaxy, as ESO274-G001 has a far more ﬂattened bulge. Similar
to the ESO115-G021 and ESO146-G014, the galaxy is a slow rotator, with a
maximum circular velocity of vmax = 103.9 km/s. Moreover, similar to those
two galaxies, ESO274-G001 is patchy in nature. The galaxy has the highest
luminosity compared to its optically thin HI mass: MHI/LR = 0.8
4.4.8 UGC7321
UGC7321 has been modelled using ﬁve bands (Figure 4.12), the results of
which have the lowest combined χ2 error in this sample. The scale length
has been measured at hR,∗ = 2498 ± 349pc and the scale height at hz,∗ =
187 ± 80 pc. This is in agreement with O’Brien et al. (2010d), who applied
the deprojection method and reported hd,∗ = 2650 pc and hz,∗ = 245 pc. The
scale-height was reported as 140-150 pc by Matthews et al. (1999), who did
not discern a bulge.
O’Brien et al. (2010d) performed a rotation-curve decomposition on the galaxy
and found a mass to light M∗/Lr′ upper limit of 1.05. This implies a recent
burst of star formation in the galaxy, which matches the detection of a signif-
icant fraction of young stars in the disk (Matthews et al. 1999). O’Brien et al.
(2010d) also performed a ﬁt to the vertical hydrostatics of the disk and found
a good ﬁt at M∗/LR of 0.2.
4.5 Discussion
4.5.1 Quality of the Fits
What can we conclude about the overall quality of the ﬁts? Comparing
to the available literature, we see that IC 2531, IC 5249 and UGC7321 are
in agreement with the results by others. The slower rotating galaxies, e.g.
ESO115-G021, ESO146-G014 and ESO274-G001 all have a clumpy nature,
which makes ﬁtting them harder. For IC 5052 and ESO138-G014, the param-
eters reported by other authors are diﬀerent. As we noted before, IC 5052
gave us problems to model, so our results could well be wrong. ESO138-G014
also required extensive masking. It is a low surface brightness galaxy, but
the ﬁt we have performed still looks acceptable (see Figure 4.9). As such, we
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feel that the derived stellar disk scale lengths and scale heights are reasonably
accurate, with the exception of IC 5052.
A similar endeavor as the work done in this chapter has been previously un-
dertaken by de Geyter et al. (2014), who set out to model edge-on galaxies in
the Calar Alto Legacy Integral Field Area Survey (CALIFA), which showed a
clear dust band. In total they settled on a sample of 12 –mostly early-type–
galaxies for which they perform an oligochromatic ﬁt to the g′, r′, i′ and z′
bands. While their data is of higher quality, their results are very similar
to ours, and they “conclude that in general most galaxies are modelled accu-
rately, especially when keeping in mind that the FitSKIRT models only consist
of three basic components and they were determined by an automated proce-
dure over a large parameters space without strong initial boundary conditions”
(de Geyter et al. 2014).
4.5.2 Disks and Bulges
Let us now compare the global properties of the stellar disks. Focusing on
the seven good ﬁts, the average stellar disk scale length in our sample is
hR,∗ = 3.49±2.24 kpc, while the average scale height of the stellar disk is hz,∗ =
0.37±0.32 kpc. As a comparison de Geyter et al. (2014) report 4.23±1.23 kpc
and 0.51 ± 0.27 kpc for their 12 edge-on sample. They also calculate the
mean values for the 34 edge-on galaxies in Kregel et al. (2002b), reporting
4.73 ± 2.57 kpc and scale height of 0.57 ± 0.25 kpc. Their sample consists of
Sa, Sb and Sc type galaxies, while ours consists of mostly of Sd type galaxies
(Table 1.2). IC 5249 appears to be a unique galaxy in terms of scale length
to scale height ratio. If we remove it from the sample, the averages becomes
even more distinct with hR,∗ = 2.93 ± 1.85 kpc and hz,∗ = 0.38 ± 0.28 kpc.
It is typically not expected that the scale lengths for disc galaxies depend on
Hubble morphological types between Sa and Sc (de Jong 1996; Graham &
de Blok 2001). However, for Scd and Sd galaxies, it was demonstrated using
face-on galaxies that the scale length tends to be signiﬁcantly shorter (Fathi
et al. 2010) and as such, our results are within expectations.
If we now focus on the scale length over scale height ratio, we ﬁnd an average
of hR,∗/hz,∗ = 11.6± 7.76. IC 5249 has the by far highest value at 28.2, which
makes it a ‘super thin’ disk. Removing this one galaxy, the average ratio
becomes hR,∗/hz,∗ = 8.81±2.78. A very similar value of hR,∗/hz,∗ = 8.26±3.44
was reported by de Geyter et al. (2014) for their own sample, and a value of
hR,∗/hz,∗ = 8.21 ± 2.36 for the Kregel et al. (2002b) sample. As such, we
conclude that our measurements are, with the possible exception of IC 5249,
in good agreement with their samples.
Looking at the bulges, we ﬁnd a typical bulge eﬀective radius of Re = 4.34±
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1.19 kpc. This is longer than reported by de Geyter et al. (2014), who reports
the value of Re = 2.31 ± 1.59 kpc. This was already large compared to the
1000 galaxies sample of Gadotti (2009), who reported Re = 0.84 ± 0.36 kpc.
It was argued by de Geyter et al. (2014) that this diﬀerence was due to the
lack of dust attenuation correction in Gadotti (2009), and due to the lack of
a treatment of bars in their own work. The Gadotti (2009) sample does not
contain many Sd galaxies; there might be diﬀerent averages that apply for an
Sd sample. However, given our results from the previous section, we argue that
it is more likely that our ﬁtted bulges are not very reliable. The average Sersic
index we ﬁnd is 2.6± 1.7, which is consistent with the 2.37± 1.35 reported by
de Geyter et al. (2014).
4.5.3 Dust
Most of the galaxies in our sample are slow rotators. The Sd type galax-
ies have a maximum circular rotation of vmax = 131.9 km/s. Only IC 2531
has a much higher rotation of vmax = 260.5 km/s (Table 1.4). Dalcanton
et al. (2004) found that for galaxies rotating slower than a circular velocity
of vmax ∼ 120 km/s, no dust lane forms. Instead, the dust settles in more
clumpy structure. Inspecting the images of the galaxies, we can conﬁrm this
distinction as well in our own sample, although it is hard to distinguish for
the disks just above 120 km/s. The average dust scale length and scale height
are hR,d = 4.34± 1.19 kpc and hz,d = 0.46± 0.01 kpc, while the ratio between
the two is on average hR,d/hz,d = 10.1± 4.4. A typical dust scale length and
height of hR,d = 6.03± 2.92 and hz,d = 0.23± 0.10 was reported by de Geyter
et al. (2014). For the scale height similar values of hz,d = 0.23± 0.08 kpc and
hz,d = 0.25± 0.11 were reported by Xilouris et al. (1999) and Bianchi (2007).
Our galaxies thus typically have a thicker dust layer than the samples of these
authors.
Dalcanton et al. (2004) argued that for disks rotating slower than a circular
velocity of vmax∼ 120 km/s the dust would follow a thicker distribution than
the faster rotating sample. Indeed, most of our galaxies are below or near a
circular velocity of 120 km/s. Taking the three galaxies with circular veloci-
ties above 130 km/s, we have an average scale length to scale height ratio of
hR,d/hz,d = 13.8 ± 3.3, compared to hR,d/hz,d = 7.4 ± 2.7 for the other four.
The sample of de Geyter et al. (2014) has a mean ratio of hR,d/hz,d = 26.2,
which is much closer to our fast rotating galaxy at hR,d/hz,d = 17.5.
However, UGC7321 with a maximum circular velocity of vmax = 128 km/s has
a very diﬀerent ratio of hR,d/hz,d = 4.2. This galaxy also has the most dust
mass of the sample, with 6.2×107M⊙, compared to the average of 2.8±1.82×
107M⊙ for the entire sample. There is no distinction in terms of dust mass to
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be made between the slow and quick rotators.
The dust scale length to stellar scale length ratio is on average hR,d/hR,∗ =
1.88 ± 1.37 in our sample. This is compatible to the hR,d/hR,∗ = 1.73 ± 0.83
reported by de Geyter et al. (2014). Xilouris et al. (1999) reports hR,d/hR,∗ =
1.36± 0.17 and Bianchi (2007) ﬁnds hR,d/hR,∗ = 1.53± 0.55, both values are
compatible with ours. The dust scale height to stellar scale height ratio we
report is hz,d/hz,∗ = 1.99 ± 1.15. Although compatible, this is much higher
than the value of hz,d/hz,∗ = 0.55±0.22 reported by de Geyter et al. (2014), the
hz,d/hz,∗ = 0.58 ± 0.13 reported by Xilouris et al. (1999) and the hz,d/hz,∗ =
0.52± 0.49 reported by Bianchi (2007). We thus ﬁnd that the dust to stellar
scale length ratio of our late-type galaxies sample is compatible to more early-
type samples; the dust to stellar scale height ratio is far higher. The dust in
our slow rotating galaxies sample forms into a much thicker disk, as predicted
by Dalcanton et al. (2004).
4.6 Conclusions
In this chapter, we have attempted to ﬁt the bulge and disk of eight edge-on
dwarf galaxies using FitSKIRT automatically. The quality of our ﬁt varies,
mostly due to limited quality of the available data and the intrinsic low lu-
minosity of these galaxies. Despite this, we have successfully recovered the
stellar disks in seven out of eight of the galaxies in our sample. The results
for the bulges have been less reliable, which is most likely due to a lack of an
accurate description for bars in the code. We have also successfully measured
the dust distribution in these seven galaxies. The average dust scale length to
stellar scale length is compatible with other samples, but our dust scale height
to stellar scale height ratio is far higher than in typical other samples. The HI
mass to light ratio MHI/LR varies drastically between the various galaxies. It
is only 0.2 in ESO274-G001, yet 12.5 in ESO115-G021.
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Figure 4.1: Stellar decompositions for IC 2531. Each band consists of three panels.
Top panels always show the observation. Middle panels show the best-ﬁt models. The
lower panels show the diﬀerence maps. Color scaling is equal between the three panels.
The scale of the images is in arcsec.
128 chapter 4: The Structure of Stellar Disks in Edge-on Galaxies
































































































Figure 4.2: Stellar decompositions for the left side of IC 5052 (1/2). Each band
consists of three panels. Top panels always show the observation. Middle panels show
the best-ﬁt models. The lower panels show the diﬀerence maps. Color scaling is equal
between the three panels. The scale of the images is in arcsec.
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Figure 4.3: Stellar decompositions for the left side of IC 5052 (2/2). Each band
consists of three panels. Top panels always show the observation. Middle panels show
the best-ﬁt models. The lower panels show the diﬀerence maps. Color scaling is equal
between the three panels. The scale of the images is in arcsec.






































Figure 4.4: Stellar decompositions for the right side of IC 5052 (1/2). Each band
consists of three panels. Top panels always show the observation. Middle panels show
the best-ﬁt models. The lower panels show the diﬀerence maps. Color scaling is equal
between the three panels. The scale of the images is in arcsec.
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Figure 4.5: Stellar decompositions for the right side of IC 5052 (2/2). Each band
consists of three panels. Top panels always show the observation. Middle panels show
the best-ﬁt models. The lower panels show the diﬀerence maps. Color scaling is equal
between the three panels. The scale of the images is in arcsec.
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Figure 4.6: Stellar decompositions for IC 5249 (1/2). Each band consists of three
panels. Top panels always show the observation. Middle panels show the best-ﬁt
models. The lower panels show the diﬀerence maps. Color scaling is equal between
the three panels. The scale of the images is in arcsec.
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Figure 4.7: Stellar decompositions for IC 5249 (2/2). Each band consists of three
panels. Top panels always show the observation. Middle panels show the best-ﬁt
models. The lower panels show the diﬀerence maps. Color scaling is equal between
the three panels. The scale of the images is in arcsec.
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Figure 4.8: Stellar decompositions for ESO115-G021. Each band consists of three
panels. Top panels always show the observation. Middle panels show the best-ﬁt
models. The lower panels show the diﬀerence maps. Color scaling is equal between
the three panels. The scale of the images is in arcsec.
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Figure 4.9: Stellar decompositions for ESO138-G014. Each band consists of three
panels. Top panels always show the observation. Middle panels show the best-ﬁt
models. The lower panels show the diﬀerence maps. Color scaling is equal between
the three panels. The scale of the images is in arcsec.
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Figure 4.10: Stellar decompositions for ESO146-G014. Each band consists of
three panels. Top panels always show the observation. Middle panels show the best-ﬁt
models. The lower panels show the diﬀerence maps. Color scaling is equal between
the three panels. The scale of the images is in arcsec.
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Figure 4.11: Stellar decompositions for ESO274-G001. Each band consists of
three panels. Top panels always show the observation. Middle panels show the best-ﬁt
models. The lower panels show the diﬀerence maps. Color scaling is equal between
the three panels. The scale of the images is in arcsec.
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Figure 4.12: Stellar decompositions for UGC7321. Each band consists of three
panels. Top panels always show the observation. Middle panels show the best-ﬁt
models. The lower panels show the diﬀerence maps. Color scaling is equal between
the three panels. The scale of the images is in arcsec.
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5
The Shape of Dark Matter Halos
S.P.C. Peters, P.C. van der Kruit, R.J. Allen and
K.C. Freeman
In the previous chapters, we have measured the stellar and HI con-
tent in a sample of edge-on galaxies. In the present chapter, we per-
form a simultaneous rotation curve and vertical force ﬁeld gradient
decomposition for ﬁve of these edge-on galaxies. The rotation curve
decomposition provides a measure of the radial dark matter poten-
tial, while the vertical force ﬁeld gradient provide a measure of the
vertical dark matter potential. We ﬁt dark matter halo models to
these potentials. Using our HI self-absorption results, we ﬁnd that a
typical dark matter halo has a less dense core (0.094± 0.230M⊙/pc3)
compared to an optically thin HI model (0.150± 0.124M⊙/pc3). The
HI self-absorption dark matter halo has a longer scale length Rc of
1.42± 3.48kpc, versus 1.10± 1.81kpc for the optically thin HI model.
The median halo shape is spherical, at q = 1.0±0.6 (self-absorbing HI
), while it is prolate at q = 1.5± 0.6 for the optically thin. Our best
results were obtained for ESO274-G001 and UGC7321, for which
we were able to measure the velocity dispersion in Chapter 3. These
two galaxies have drastically diﬀerent halos shapes, with one oblate
and one strongly prolate. Overall, we ﬁnd that the many assump-
tions required make this type of analysis susceptible to errors.
In preparation.
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5.1 Introduction
Dark matter remains one of the most elusive problems in astronomy. Clues
of unseen, ‘dark’ matter have been found for over 80 years (e.g. Oort 1932;
Zwicky 1933; Karachentsev 1966). Only since the analysis of rotation curves
of galaxies, both through radio and optical, did the problem of dark matter
become clear beyond doubt. This seems to have been ﬁrst realized by Freeman
(1970), who notes that, to explain the HI rotation curves of M33 and NGC300
fully, there is a need for additional, unseen mass, following a very diﬀerent
distribution. Rubin & Ford (1970) note a similar behavior within the optical
disk of Andromeda, from emission line radial velocities, where the mass to
light radio (M/L) increases with radius. The concept of dark matter halos was
convincingly demonstrated when HI rotation curves beyond the optical disks
failed to show a decline (Rogstad & Shostak 1972; Roberts & Whitehurst 1975;
Bosma 1981). The observed ﬂatness of galaxy rotation curves out to very large
radial distances, well beyond the optically observable disks, makes the presence
of additional physics, be it dark matter or non-Newtonian gravity, inevitable.
This conﬁrmation is one of the early triumphs of radio interferometry (Monnier
& Allen 2013).
The exact nature of dark matter particles remains unclear, although we can
infer some of its properties. Three key observations form the basis of this
understanding. The ﬁrst follows from the small-scale anisotropies in the cos-
mic microwave background (CMB). The CMB is a relic of the baryon-photon
decoupling and as such, it is tracing the baryon distribution at that time. The
CMB is remarkably ﬂat, to order one in 105, implying that the universe at
that time was extremely homogeneous (e.g. Bennett et al. 2012, and refer-
ences therein). This is very diﬀerent to the second observation, the large-scale
structure (LSS) of the universe. The large-scale structure, as measured from
red-shifted galaxies (Sánchez et al. 2006) and the Lyman-alpha forest (Mc-
Donald et al. 2006), demonstrates that the present day universe is very inho-
mogeneous, at least on the local scales. The rate, at which structures formed
in the universe, implies a matter density of 1/4 ∼ Ωm ∼ 1/3, which is far
more than can be observed in our local universe. The third observational con-
straint comes from our understanding of Big-Bang nucleosynthesis (BBNS),
which explains the primordial abundance ratios of atom species as observed
in the universe (Yang et al. 1984; José & Iliadis 2011). A part of the dark
matter can be in the form of dense baryonic matter, such as rogue planets and
small black holes. BBNS however places a ﬁrm upper limit on the maximum
baryonic density. To get a consistent ratio with absorbed abundance ratios, it
requires the baryon density to be far below the total matter density Ωm, with
value: Ωb < 0.05.
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The universe could not have formed the amount of structure it has, if we only
accommodate for the baryonic mass as set by BBNS. To ﬁll the diﬀerence
between the total and baryonic matter densities, we need a particle which
is non-baryonic and which cannot interact with photons. The most likely
candidates are weakly interacting massive particles (WIMPs) (Steigman &
Turner 1985). If these particles were non-relativistic – “cold” – they could have
been clumping together before the baryon-photon decoupling. Once baryons
decoupled from photons, they could quickly fall into the existing potential
wells as generated by the dark matter, giving a kick-start to the formation of
structure. So far, the best constraint on the amount of matter is the nine-year
result of the Wilkinson Microwave Anisotropy Probe (WMAP) experiment,
setting a limit of Ωbh2 = 0.02223± 0.00033 on the baryon density and Ωdh2 =
0.1153± 0.0019 on cold dark matter (Bennett et al. 2012).
Another interpretation of the dark matter problem is that we are not missing
matter, but rather that our understanding of the laws of gravity is incom-
plete. One solution to this is modiﬁed Newtonian dynamics (MOND) (Mil-
grom 1983). MOND proposes a modiﬁcation to Newtonian gravity such that,
in the limit of the weakest of forces, the actual force g starts to deviate from
the Newtonian force gN as g = √gNa0 . Here a0 represents a constant acceler-
ation of a0 ≃ 10−10 m s−2. With this simple modiﬁcation, MOND is capable
of reproducing a surprisingly large set of phenomena traditionally credited as
evidence for dark matter (Famaey & McGaugh 2012).
Many theories exist, all with their own merits and problems. The only way
to ﬁnd the true solution is by placing additional (observational) constraints.
One such constraint would be the detection of the dark matter particle itself.
A range of experiments is under way in an attempt to measure the interac-
tion between ordinary and dark matter particles. Potential WIMP-candidate
detections have been reported by some experiments, while these have been
contradicted with null detections from other experiments. So far, the results
are still under debate and more work is required (Freese et al. 2012).
The importance of simulations for dark matter research was already realized
early on, when Ostriker & Peebles (1973) noted that spiral galaxies are intrin-
sically stable only when they are embedded in the potential well created by a
dark matter halo. This halo needs to be 1 to 2.5 times as heavy as the disk to
maintain stability against bar formation (Hohl 1976; Efstathiou et al. 1982).
With hindsight, we know that bars are far more common in galaxies and it
has shown been shown that strong bars can actually form in disks embedded
in dark matter halos (Athanassoula 2002, 2003).
Modern day cosmological dark matter simulations predict that dark matter
has a signiﬁcant impact on the formation and evolution of galaxies. The dark
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matter clumps into halos, which serve as gravitational sinks for baryonic mat-
ter to fall in to. Once inside, these baryons form the galaxies and other visible
structures in the universe. The size and shape of these halos is inﬂuenced by
the type of dark matter particle and its merger history. As such, getting a
grip on the shape of the halo oﬀers a potential constraint on the dark matter
model (Davis et al. 1985).
The shape of dark matter halos can be classiﬁed by the shape parameter q,
using the ratios between the vertical axis c and radial axis a, such that q = c/a.
This divides the potential halo shapes up into three classes: prolate (q > 1),
oblate (q < 1) and spherical (q ∼ 1). This is, of course, only a simpliﬁed
version of reality, where we can also expect triaxial shapes and changes of
shape with radius and history (Vera-Ciro et al. 2014). However, for halos
with masses & 1012.3h−1M⊙ the halos can be adequately described by a single
vertical-to-radial axis ratio (Schneider et al. 2012).
Direct observations of the shape of halos is tricky, as there are only few tracers
that oﬀer a clear view on the vertical gravitational potential of the halo. The
ﬂat rotation curves of galaxies, while an excellent tracer of the radial potential
of the halo, provides no information in the vertical direction. Luckily, some
tracers do exist. The stellar streams of stripped, in-falling galaxies can be
used to measure the potential the stream is traversing. Helmi (2004) analyzed
the stream of Sagittarius, as found in the 2MASS survey, around the Galaxy
and found that the data best ﬁts a model with a prolate shape, with an axis
ratio of 5/3. In a similar fashion, only further out, do the satellites of the
Galaxy oﬀer such a tracer. Globular cluster NGC5466 was modelled by Lux
et al. (2012) and found to favor an oblate or triaxial halo, while excluding
spherical and prolate halos with a high conﬁdence. The stellar stream has
been reanalyzed by Vera-Ciro & Helmi (2013), who report an oblate halo with
q = 0.9 for r ≤ 10 kpc.
Gravitational lensing oﬀers another measure of the vertical gravitational po-
tential. Strong lensing uses the Einstein lens of background sources around a
single galaxy or cluster. By modelling the lens, it is possible to create a detailed
mass map of the system. By combining this with gas and stellar kinematics,
it is possible to calculate the dark matter mass distribution (Treu 2010). For
example, Barnabè et al. (2012) applied this method to lensed galaxy SDSS
J2141, to ﬁnd a slightly oblate halo (q = 0.91+0.150.13 ).
Weak lensing lacks the clear gravitation lens seen in strong lensing. As such,
it is unable to measure the halo of a single galaxy. Instead, it provides an
average halo shape from a statistically large sample of sources, by modelling
the alignment of background galaxies to a large series of foreground galaxies.
This allows the sources to probe the outer edges of halos. A recent analysis
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by van Uitert et al. (2012) ﬁnds, on a sample of 2.2 × 107 galaxies, that the
halo ellipticity distribution favors oblate, with q = 0.62+0.25−0.26.
Polar ring galaxies are also of interest in the study of the dark matter halo
shape, as the orbits of the stars in the polar rings are very sensitive to the
gravitational potential. The method was pioneered by Schweizer et al. (1983)
who noted that the polar ring in galaxy A0136-0801 indicated a massive halo
that was more spherical than ﬂat. Whitmore et al. (1987) studied this galaxy
in more detail and found q = 0.98 ± 0.20 for this galaxy. These authors
also studied galaxies NGC4650A and ESO415-G26, for which they report
q = 0.86±0.21 and q = 1.05±0.17. Galaxy NGC4650A has also been studied
by Sackett et al. (1994), who reported a ﬂattened halo with q between 0.3 and
0.4.
Another way to place constraints on the halo shape is by carefully modelling
local edge-on galaxies. The thickness of the HI layer in spiral galaxies depends
directly on the local hydrostatic equilibrium. The HI layer ﬂares out at large
radii, as there is less matter gravitationally binding it to the central plane.
Because of this, ﬂaring provides a sensitive tracer of the vertical potential as
function of radius in the disk. By combining this with the horizontal potential
as gained from the rotation curve, and estimates for the gas and stellar mass
distributions, one can ﬁt the potential well created by the dark matter halo.
This method was ﬁrst applied to the Galaxy by Celnik et al. (1979). This
method was applied by van der Kruit (1981) on edge-on galaxy NGC891,
ﬁnding that the halo was ﬂattened as the stellar disk. NGC4244 was analyzed
by Olling (1995), who found a highly ﬂattened halo of q = 0.2+0.3−0.1. O’Brien
et al. (2010d) also set out to measure the velocity dispersion as function of
radius. Using that approach to measure the halo shape of UGC7321, they
ﬁnd a spherical halo (q = 1.0± 0.1).
In this chapter, we will perform a similar analysis, using the measured param-
eters for the HI disk (Chapter 3) and stellar disk (Chapter 4). The chapter has
the following outline. In Section 5.2, we will provide a detailed description of
hydrostatic models we use and detail the ﬁtting strategy. Section 5.3 presents
and discusses the results. We summarize the chapter in Section 5.5
5.2 Modelling Strategy
5.2.1 Overall Strategy & Sample
Celnik et al. (1979) proposed a new strategy in which the ﬂaring of the HI lay-
ers is used as a tracer of the vertical gravitational potential in the Galaxy. This
method was extended to edge-on galaxy NGC891 by van der Kruit (1981).
In combination with a traditional rotation curve decomposition, this oﬀers a
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view on both the radial and vertical directions of the gravitational potential.
The dark matter halo model can be ﬁt to this. This strategy has previously
been used by Olling (1996a) and O’Brien et al. (2010d).
We will use this same strategy to model the dark matter halo shape for the
sample of eight galaxies deﬁned in Chapter 1. In Chapter 3, we have measured
the structure and kinematics of the HI in these galaxies. The stellar disks were
modelled in Chapter 4. Based on the quality of the results from Chapters 3
and 4, we have decided to model ﬁve out of the original eight galaxies in our
sample. These are IC 5249, ESO115-G021, ESO138-G014, ESO274-G001 and
UGC7321. All ﬁve galaxies are late-type Sd, with self-absorbing HI masses
between 4.1±0.1×108 and 7.8±0.8× 109M⊙ (Table 3.1). The distances vary
greatly between these galaxies. ESO274-G001 is only 3.0Mpc away, while the
distance to IC 5249 is estimated at 32.1Mpc.
In Chapter 3, we successfully measured the velocity dispersion of the HI as
function of radius in ESO274-G001 and UGC7321. In ESO115-G021, the
velocity dispersion appeared to increase with radius. As we are skeptical of this
result, we will adopt a constant velocity dispersion of 10 km/s for this galaxy.
We also adopt this constant velocity dispersion for IC 5249 and ESO138-G014.
Galaxy UGC7321 has a total B-band magnitude of 13.75 and V-band magni-
tude of 13.19 (Taylor et al. 2005), giving a B-V band diﬀerence of 0.56. To
estimate the stellar mass to light (M∗/LR) ratio, we use the model interpola-
tion engine 1, which is based on the Worthey (1994) and Bertelli et al. (1994)
stellar population models. Using a single burst, Salpeter (2.35) IMF we ﬁnd a
good ﬁt using a single population of 950Myr and [Fe/H]=0.0, with B-V=0.554.
This would place M∗/LR in the Rc-band at 0.55. We have repeated this ex-
ercise for our other galaxies, each time ﬁnding M∗/LR ≈ 0.5. We therefore
adopt a mass to light M∗/LR = 0.5 as a lower boundary to the stellar disk
mass, and use the reported R-band total luminosities reported in Table 4.3.
As an upper boundary, we adopt M∗/LR < 3. At solar metalicity, this would
imply a single stellar population of approximately 8Myr. At metalicities lower
than solar, this would increase to an even large age.
5.2.2 Decomposition Strategy
Radial Tracer
The radial force gradient is calculated using a classic rotation curve decom-
position performed at the mid-plane of the galaxy (van Albada et al. 1985),
e.g.
v2total(R) = v2gas(R) + v2stellar(R) + v2halo(R) . (5.1)
1 Available at http://astro.wsu.edu/worthey/dial/dial_a_pad.html
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The total rotation vtotal(R) is the observed rotation curve of the HI gas, as
we measured previously in Chapter 3. The theoretical rotation curves of the
gas vgas(R) and stars vstellar(R) represent the contributions due to the stellar
and gaseous mass components. We calculate the theoretical rotation curve of











dz dr , (5.2)
with
p = x− (x2 − 1)1/2 , (5.3)
x = R
2 + r2 + z2
2Rr . (5.4)
Here K(p) and E(p) are the complete elliptical integrals of the ﬁrst and second
kind. The equations are evaluated numerically. The equation of the density
distribution ρ(r, z) of the HI disk has been previously presented in Equation
2.15. We have presented the measured densities in Chapter 3. The equations
for the stellar disk and bulge luminosity distributions have been previously
presented in Equations 4.1 and 4.3. We convert to a combined stellar mass
distribution from these equations using
ρ(r, z) = (M∗/LR)
(
jdisk(R, z) + jbulge(R, z)
)
. (5.5)
The measurements for the stellar disk have been presented in Chapter 4. Note
that we adopt a single mass-to-light ratio M∗/LR. While this is a bit unre-
alistic, we noted in Chapter 4 that the ﬁts for some of the bulges appears to
supplement the stellar disk, rather than model a central component. Treating
the two as distinct would therefore be invalid. A ﬁxed M∗/LR ratio also has
the advantage of limiting the complexity of the parameter space we will be
ﬁtting in.
Vertical Tracer
We follow the method of O’Brien et al. (2010d) to calculate the gradient of the











Following O’Brien et al. (2010d), the disk is assumed to be in vertical hy-
drostatic equilibrium, such that the vertical gas pressure gradient and total
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vertical gravitational force of the galaxy potential Φtotal due to all mass com-





= −ρgas∇Φtotal . (5.7)
We next assume that the gas velocity dispersion is isothermal1 in z. In that
case, Equation 5.7 reduces to














such that the vertical gradient of Fz,total is constant with height z.
The gradients of the stellar and gas force components was calculated using the
Poisson equation, where we assume the disk is axi-symmetric and the circular
rotation is constant with height (O’Brien et al. 2010d),
∂Fz(R, z)
∂z





where we use the density ρ and rotation v of each of the two components.
The squared velocity gradient is calculated numerically. Our modelling of the
vertical tracer will use a plane at a height z of 100 pc.
5.2.3 Halo Potential
We make use of the ﬂattened, but axi-symmetric, pseudo-isothermal halo
model proposed by Sackett et al. (1994), where we assume that the equa-
torial plane of the halo matches that of the galaxy. In this model the density
is stratiﬁed in concentric ellipsoids, as given by
ρhalo(R, z) =
ρ0,haloR2c
R2c +R2 + z2/q2
. (5.11)
The ellipsoids formed by this density distribution have axis ratio q ≡ c/a, with
core radius Rc.
1 Note that we have also discussed this assumption in Section 3.4.7.
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The potential due to this density distribution is given by Sackett & Sparke
(1990) as


















Sackett et al. (1994) provides the solution to the forces associated with this







































b− h , µ ≡
√
2c




b2 − 4ac , (5.18)
a ≡ (1− q2)R2c , (5.19)
b ≡ z2 +R2 + (1− q2)R2c , (5.20)
c ≡ z2. (5.21)
Note that to calculate q > 1 one requires the use of complex numbers, although
these return to real numbers at the end of the calculation. Only using real
numbers will force a ﬁt to be constrained to q < 1. The calculation has a
singularity at q = 1, which we automatically substitute with q = 0.999 where
required.
The asymptotic halo velocity vH is deﬁned as
v2H =
4piGρ0,haloR2c q arccos q√
1− q2 (5.22)
5.2.4 Fitting Strategy
Using Equation 5.1, we calculate the observed circular rotation curve due
to the dark matter halo v2halo at the mid-plane of the galaxy over the full
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range of R. In a similar way we calculate the observed vertical force gra-
dient dFz,halo/dz(R, z) due to the dark matter halo at a height z of 100 pc,
using Equation 5.6. We inspect the results to determine in which range of
radii R they are suﬃciently reliable. In contrast to O’Brien et al. (2010d)
we ﬁt both the vertical and radial tracers simultaneously. Since the rotation
curve decomposition is less sensitive to noise than the vertical force gradient
decomposition, we can often ﬁt a larger radial range for the rotation curve
decomposition than the vertical force gradient decomposition. We will ﬁt the
dark matter halo using Equations 5.14 and 5.16, where we calculate the gra-
dients numerically, and use the mid-plane approximation v2 = −RF (Kuijken
& Gilmore 1989).
Both tracers operate in drastically diﬀerent numerical regimes. The total
observed rotation curve is often near 100 km/s, while the observed vertical
force gradient has a value of -0.004 km2/s2/pc2. As these numbers are so
drastically diﬀerent, the combined χ2 would be dominated by the rotation
curve decomposition. We therefore normalize the data of each force by its
maximum value in that range, such that the total χ2 error is calculated as


























where the Ri values are all data points within the respective ﬁtting ranges
used for the vertical and radial directions. We have tested many variations
of Equations 5.24 and 5.25, including converting and integrating both the
tracers back into forces so that they could compared more directly. The overall
problem however remained, as the two forces were too diﬀerent in strength and
the errors in the radial component would dominate the ﬁt. We have decided
to stick to the units adopted by O’Brien et al. (2010d), as this oﬀered us the
best way to compare results.
In Chapter 3, we performed a Monte-Carlo Markov-Chain (MCMC) ﬁt to the
neutral hydrogen, such that a set of samples from the so-called chain together
cover the likelihood distribution of the parameters. Our ﬁtting strategy here
makes use of this likelihood distribution. We take the last 1000 samples from
the chain and perform a ﬁt of the dark matter halo to each individual sample.
In total, we thus get 1000 solutions for the halo. We make use of the PSwarm
particle swarm optimization algorithm (Vaz & Vicente 2009), as implemented
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through the OpenOpt library (Kroshko 2007–). The PSwarm is an example
of a global optimization routine, which can avoid being stuck in local optima
in the solution space. The ﬁt is performed directly to χ2 as deﬁned in Equa-
tion 5.23. In some cases, the models converge to unrealistic solutions. We
therefore base our results on the 25% of the samples with the lowest χ2 errors.
The halo model uses three free parameters: the halo central density ρ0,halo,
the scale length Rc and the halo shape q. Together with the mass-to-light
conversion M∗/LR for the stellar disk, we thus have four free parameters. We
have considered using an additional mass-to-light conversion for the bulge, but
found that with these four parameters the solutions were already becoming
degenerate. Adding an additional free parameter would have worsened this
problem.
We constrain ρ0,halo between 0 and 3 M⊙/pc3, Rc between 100 pc and 10 kpc,
q between 0.1 and 2.0, and M∗/LR between 0.5 and 3.0.
5.3 Results
5.3.1 IC5249
We have been moderately successful in modelling the dark matter halo of
galaxy IC 5249. The decomposition of both the optically thin and self-absorbing
HI results is shown in Figure 5.1. As is clear from the ﬁgure, the uncertainties
in the stellar halo contribution, and subsequently the dark matter halo contri-
bution are quite severe. This is mostly due to the fact that the measurements
of both the vertical force gradient, as well as the rotation curve, start relatively
far out (near 5.0-5.5 kpc). The data of the inward parts of the galaxy was too
uncertain for a reliable measurement of the tracers. As the dark matter halo
shape q can most accurately be constrained from the vertical force gradient in
the inner parts of the galaxy (see O’Brien et al. 2010d), this lack of data does
not allow us to constrain q signiﬁcantly. The optically thin HI model yields
q = 1.5+0.5−0.5, while the self-absorbing HI yields q = 1.0+0.4−0.3.
The lack of a signiﬁcant constraint on q leads to strong correlations between
the other parameters. This is reﬂected in the cross-correlation diagrams for
the parameters, seen in Figure 5.2 for the optically thin case, and Figure 5.3
for the self-absorbing HI case. An oblate dark matter halo shape (q < 1)
produces a less massive stellar disk, with a shorter dark matter halo scale
length Rc and higher dark matter halo core density ρ0. This behavior holds
in both models. Over the whole dataset, we ﬁnd that for an optically thin HI
model the halo is found at ρ0 = 0.007+0.005−0.001M⊙/pc3, Rc = 5.45+0.21−0.52 kpc. The
stellar disk is found with M∗/LR = 2.62+0.38−1.19. The self-absorption HI models
return ρ0 = 0.004+0.003−0.001M⊙/pc3, a scale length Rc of 9.79+0.21−2.06, and a stellar
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disk with M∗/LR = 2.98+0.02−1.17.
As we discussed in Section 5.2.1, the most likely MR/L∗ values lie close to
0.5. If we thus limit ourselves to the data points at MR/L∗ < 0.55, we ﬁnd
for the optically thin HI an oblate halo with q = 0.76+0.04−0.03. The core density
of the dark matter halo is ρ0 = 0.017+0.001−0.001M⊙/pc3 and its scale length is
Rc = 4.49+0.02−0.05 kpc. The self-absorbing HI model returns an even more oblate
halo, with a shape of q = 0.55+0.14−0.03, a core density of ρ0 = 0.014+0.003−0.003M⊙/pc3
and a scale length of h0 = 5.19+1.30−1.01 kpc. Comparing the two models, we see
that the dark matter halo of the self-absorbing HI requires a more oblate halo,
with longer scale length Rc and less massive central density ρ0.
5.3.2 ESO115-G021
We have not been very successful in modelling ESO115-G021. As can be seen
from the results in Figure 5.4, the observed vertical force gradient has a nearly
ﬂat slope near the inner parts of the galaxy (R < 4 kpc). This is problematic to
ﬁt to, as we always expect the vertical force gradient to get increasingly strong
near the inner parts. We have attempted ﬁtting only beyond R = 3.5 kpc, but
this left only 2 kpc in which we could ﬁt the data, which did not result in a
stable ﬁt. Smoothing was applied on the input parameters, but this did not
improve the quality of the observed vertical force gradient. As such, we hereby
present our best ﬁt, but encourage the reader to have a skeptical treatment of
them.
The self-absorbing HImodel of the galaxy results in a dark matter core density
ρ0 of 0.015+0.001−0.001M⊙/pc3, a scale length Rc of 3.02+0.03−0.08 kpc and an oblate shape
of q = 0.5+0.1−0.1. The stellar disk is found to have a high M∗/LR = 2.89+0.11−0.44.
The optically thin HI model produces a more massive central core density
ρ0 = 0.022+0.004−0.001M⊙/pc3, a shorter scale length of Rc = 2.30+0.10−0.15 and a less
oblate halo shape q = 0.7+0.1−0.1. We again ﬁnd a high M∗/LR = 2.84+0.16−1.15
The cross-correlation diagrams of the models are shown in Figures 5.5 and 5.6.
5.3.3 ESO138-G014
Galaxy ESO138-G014 was initially hard to model, as the total observed verti-
cal force gradient was already weaker than the contribution from the neutral
hydrogen alone. As we noted before in Section 3.4.4, the galaxy seems to
have quite a thick HI layer (see Figure 3.13). The most likely explanation
for this is that the galaxy is not seen completely edge-on. This is consistent
with the observed stellar disk from the previous chapter, where we measured
i = 86.8◦ (Table 4.2). We have attempted to correct for this by lowering the
observed thickness by 30%. The noise in this galaxy was too high for the
velocity dispersion to be measure, so we keep this ﬁxed at σ = 10 km/s.
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The results for the optically thin and the self-absorbingHImodels are shown in
Figure 5.7. The cross-correlation diagram of the optically thin model is shown
in Figure 5.8, while the one for the self-absorption model is shown in Figure
5.9. In both cases, the rotation curve and the vertical force gradient have been
successfully ﬁtted. Only at the higher radii do observed and theoretical curves
of the vertical force gradient start to deviate.
The optically thin model produces a halo core density ρ0,halo of 0.261+0.002−0.003
M⊙/pc3 and a scale-length of Rc = 0.70+0.02−0.01 kpc. The halo is distinctly pro-
late, with the optimal solution located at the boundary condition of q =
2.0+0.1−0.2. The stellar disk is very bright, with M∗/LR = 0.50+0.02−0.01.
Compared to this, the self-absorbing HI model ﬁnds a halo with a higher core
density of ρ0,halo = 0.620+0.009−0.007M⊙/pc3 and a scale-length ofRc = 0.41+0.02−0.01 kpc.
Again, the optimal solution favors a prolate halo at q = 1.9+0.1−0.3. In this case
the mass-to-light is M∗/LR = 0.69+0.04−0.06.
5.3.4 ESO274-G001
Galaxy ESO274-G001 is one of the two galaxies from Chapter 3 for which we
could accurately measure the velocity dispersion. We model the galaxy in the
standard way, setting the M∗/LR lower boundary at 0.5. Both the rotation
curve and vertical force decomposition are shown in Figure 5.10, where we
show the results for both the optically thin and self-absorbing HI models.
Both models have reproduced the rotation curve and the vertical force gradient
reasonably well, although the self-absorbing model was more successful at the
vertical force gradient.
We show the cross-correlation diagram for the optically thin HI model in
Figure 5.11. There is a clear correlation between the various parameters,
which is mostly due to the uncertainty in M∗/LR = 0.96+0.46−0.42. The halo is
oblate with q = 0.7+0.1−0.1, ρ0,halo = 0.150+0.020−0.022M⊙/pc3 and Rc = 1.10+0.04−0.03 kpc.
The mass to light ratio M∗/LR was 0.96+0.46−0.42.
The cross-correlation diagram of the HI self-absorption model is shown in
Figure 5.12. There is again scatter inM∗/LR, although the value has dropped
compared to the optically thin model. It is now at 0.76+0.57−0.26. The shape
of the halo is identical to the optically thin model, with an oblate shape
of q = 0.7+0.1−0.1. The other parameters are ρ0,halo = 0.094+0.009−0.019M⊙/pc3 and
Rc = 1.42+0.09−0.03 kpc. Compared to the optically thin model, the self-absorption
HI model produces a dark matter halo with longer scale length Rc and lower
central density ρ0.
If we limit the analysis to M∗/LR < 0.55, we ﬁnd that the halo becomes even
more oblate, q = 0.64+0.01−0.01 for the optically thin and q = 0.67+0.01−0.01 for the
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self-absorption model. The central density of the halo also goes up to ρ0 =
0.171+0.002−0.001M⊙/pc3 for the optically thin model, and ρ0 = 0.103+0.001−0.001M⊙/pc3
for the self-absorbing HI . The scale lengths goes down to h0 = 1.07+0.01−0.01 kpc
and h0 = 1.39+0.01−0.01 kpc respectively. A lower mass in the stellar disk thus
results in halos that are more oblate, have higher central core densities and
slightly shorter scale lengths.
5.3.5 UGC7321
Galaxy UGC7321 has the highest signal to noise ratio for the HI data from
our sample. The galaxy was previously modelled O’Brien et al. (2010d), who
found that the halo ﬂattening q was round (q = 1.0 ± 0.1). Their modelling
strategy consisted of a two-pass scheme, in which they ﬁrst perform a rotation
curve decomposition, and only then perform a separate ﬁt to the vertical force
gradient. This second ﬁt however failed, and the authors had to drastically
deviate from the results from the rotation curve decomposition, and use a
very low mass stellar disk, in order to reproduce the observed vertical force
gradient. However, we have performed an inspection of the codes used by
O’Brien et al. (2010d). It appears their analysis was limited to q ≤ 1. As
such, it would have been impossible for them to ﬁt a prolate halo.
Banerjee et al. (2010) also analyzed UGC7321 and found a spherical halo.
These authors assumed a constant velocity dispersion, or at most a decreasing
gradient, in their work, and use a diﬀerent potential than us.
In Figure 5.13, we demonstrate our own rotation curve decomposition of this
galaxy, and in Figure 5.14 we show the vertical force gradient decomposi-
tion. Rather than present decompositions for only the optically thin and
self-absorbing HI models that we measured, as for the previous galaxies, we
show the results for six ﬁts.
Since O’Brien et al. (2010d) found a good ﬁt at a negligible stellar mass,
the ﬁrst panel in both ﬁgures demonstrates a ﬁt in which the M∗/LR can
range between zero and three, for an optically thin HI disk. This ﬁt should
therefore be the closest to the results obtained by O’Brien et al. (2010d).
The 1000 samples produce a range of solutions. Both the rotation curve and
the vertical force gradient are well reproduced. The mass-to-light ratio has
a median of M∗/LR = 1.58+0.45−0.68, which is signiﬁcantly higher than measured
by O’Brien et al. (2010d). The halo is very prolate, q = 1.90+0.10−0.32 and has
a high central density of ρ0,halo = 0.324+0.067−0.043M⊙/pc3 and short scale-length
of Rc = 0.64+0.05−0.02 kpc. Previously, O’Brien et al. (2010d) have reported Rc =
0.52± 0.02 kpc and ρ0,halo = 0.73± 0.05M⊙/pc3.
As we estimate a minimum ofM∗/LR = 0.5, the second panel raises the bound-
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ary condition for the minimal stellar mass-to-light ratio to 0.5. The mass-to-
light is found at M∗/LR = 1.63+0.48−0.66, still very similar to the previous model.
The observed rotation curve and vertical velocity gradients are well repro-
duced, as shown in Figures 5.13 and 5.14. We ﬁnd ρ0,halo = 0.318+0.064−0.042M⊙/pc3
and Rc = 0.64+0.03−0.02 kpc, roughly similar values as the previous ﬁt. The halo
shape runs ﬁrmly towards q = 2, which is also the boundary condition. We
have tested the eﬀect of lifting this boundary condition. When we do this,
the model tends to run towards even greater values of q. However, since the
current research question focuses primarily on prolate versus oblate, we have
decided to stick to an upper boundary of q = 2. We present a cross correlation
diagram of this ﬁt in Figure 5.15.
Our next ﬁt uses the self-absorption HI model rather than the optically thin
model. We again let M∗/LR run from zero to three. As shown in Fig-
ures 5.13 and 5.14, the stellar disk in this ﬁt gets a negligible mass assigned
(M∗/LR = 0.00+0.04−0.00). The other parameters are ρ0,halo = 0.307+0.002−0.003M⊙/pc3,
Rc = 0.71+0.01−0.01 kpc and q = 1.84+0.12−0.09. Compared to the optically thin model,
the dark matter halo is again strongly prolate, but has a longer scale-length
and lower central density.
Similar to the optically thin HI case, we again increase the lower M∗/LR
boundary to 0.5. The results are shown in Figures 5.13 and 5.14. The observed
rotation curve has been modelled well, but the model fails to account for the
vertical force gradient and produces a too strong vertical force gradient. This
directly illustrates why M∗/LR was zero in the previous ﬁt, as this was the
only way for the vertical force gradient to be ﬁt. The parameters found are
ρ0,halo = 0.28+0.01−0.01M⊙/pc3, Rc = 0.72+0.01−0.01 kpc, q = 2.00+0.01−0.03 and M∗/LR =
0.5. The cross-correlation diagram for this ﬁt is shown in Figure 5.16.
Previously, O’Brien et al. (2010d) has performed a ﬁt to this galaxy. They
were unable to ﬁt the rotation curve and the vertical force gradient simulta-
neously. They successfully started with a rotation curve decomposition, in
which the stellar disk mass was a free parameter. However, in order to subse-
quently perform their vertical force gradient decomposition, they were forced
to drastically lower the stellar mass. They eventually found a spherical halo.
As two ﬁnal tests, we ran ﬁts to the optically thin and self-absorption HI
results, in which we constrained q = 1. The results are shown in Figures 5.13
and 5.14. The rotation curve decomposition does not depend strongly on q
(O’Brien et al. 2010d). As such, it is again reproduced well. Clearly, however,
the vertical force gradient is ﬁt poorly. A spherical halo simply does not work
for this galaxy.
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Figure 5.1: Rotation curve and vertical force gradient decomposition of IC 5249.
The left side panels show the results for the optically thin HI models, while the right


















































































Figure 5.2: Correlation diagram for the optically thin model of IC 5249 with a
constraint of M/L≥ 0.5.


























































































Figure 5.3: Correlation diagram for the self-absorption model of IC 5249 with a
constraint of M/L≥ 0.5.
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Figure 5.4: Rotation curve and vertical force gradient decomposition of ESO115-
G021. The left side panels show the results for the optically thin HI models, while the
right side panels show the results for the self-absorption at Tspin = 100K results.


















































































Figure 5.5: Correlation diagram for the optically thin model of ESO115-G014 with














































































Figure 5.6: Correlation diagram for the self-absorption model of ESO115-G021
with a constraint of M/L≥ 0.5.
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Figure 5.7: Rotation curve and vertical force gradient decomposition of ESO138-
G014. The left side panels show the results for the optically thin HI models, while the











































































Figure 5.8: Correlation diagram for the optically thin model of ESO138-G014 with
a constraint of M/L≥ 0.5.














































































Figure 5.9: Correlation diagram for the self-absorption model of ESO138-G014
with a constraint of M/L≥ 0.5.
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Figure 5.10: Rotation curve and vertical force gradient decomposition of ESO274-
G001. The left side panels show the results for the optically thin HI models, while the
right side panels show the results for the self-absorption at Tspin = 100K results.


































































Figure 5.11: Correlation diagram for the optically thin model of ESO274-G001































































Figure 5.12: Correlation diagram for the self-absorption model of ESO274-G001
with a constraint of M/L≥ 0.5.
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Figure 5.13: Rotation curve decomposition of UGC7321 for various models. From
top-left to bottom-right: optically thin HI (M/L ≥ 0), optically thin HI (M/L ≥ 0.5),
self-absorption HI (M/L ≥ 0), self-absorption HI (M/L ≥ 0.5), spherical halo with
self-absorption HI (M/L ≥ 0), spherical halo with self-absorption HI (M/L ≥ 0.2)
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Figure 5.14: Vertical force decomposition of UGC7321 for various models. From
top-left to bottom-right: optically thin HI (M/L ≥ 0), optically thin HI (M/L ≥ 0.5),
self-absorption HI (M/L ≥ 0), self-absorption HI (M/L ≥ 0.5), spherical halo with
self-absorption HI (M/L ≥ 0), spherical halo with self-absorption HI (M/L ≥ 0.5)












































































Figure 5.15: Correlation diagram for the optically thin model of UGC7321 with a









































































Figure 5.16: Correlation diagram for the self-absorption model of UGC7321 with
a constraint of M/L≥ 0.5.
170 chapter 5: The Shape of Dark Matter Halos
Name HI model ρ0 [M⊙/pc3] Rc [kpc] q MR/L∗
IC 5249 SA 0.004+0.003−0.001 9.79+0.21−2.06 1.0+0.4−0.3 2.98+0.02−1.17
IC 5249 OT 0.007+0.005−0.001 5.45+0.21−0.52 1.5+0.5−0.5 2.62+0.38−1.19
ESO115-G021 SA 0.015+0.001−0.001 3.02+0.03−0.08 0.5+0.1−0.1 2.89+0.11−0.44
ESO115-G021 OT 0.022+0.004−0.001 2.30+0.10−0.15 0.7+0.1−0.1 2.84+0.16−1.15
ESO138-G014 SA 0.620+0.009−0.007 0.41+0.02−0.01 1.9+0.1−0.3 0.69+0.04−0.06
ESO138-G014 OT 0.261+0.002−0.003 0.70+0.02−0.01 2.0+0.1−0.2 0.50+0.02−0.01
ESO274-G001 SA 0.094+0.009−0.019 1.42+0.09−0.03 0.7+0.1−0.1 0.76+0.57−0.26
ESO274-G001 OT 0.150+0.020−0.022 1.10+0.04−0.03 0.7+0.1−0.1 0.96+0.46−0.42
UGC7321 SA 0.270+0.001−0.001 0.72+0.01−0.01 2.0+0.1−0.1 0.50+0.02−0.01
UGC7321 OT 0.318+0.064−0.042 0.64+0.03−0.02 1.9+0.1−0.3 1.63+0.48−0.66
Table 5.1: Measured parameters for the various halos. OT denotes the optically
thin HI models, while SA denotes the self-absorbing HI models.
5.4 Discussion
5.4.1 Global properties of the sample
In the previous section, we have presented the results for the individual galax-
ies. So how do the results compare to each other? In Table 5.1, we present an
overview of all the derived parameters. For ESO138-G014, we only present
the results where the thickness of the HI layer has been reduced by 30%. For
galaxy UGC7321, we present the results for the default model, in which the
mass-to-light ratio M∗/LR was allowed to vary between 0.5 and 3.0, and the
halo shape q between 0.1 and 2.0.
We present an overview of the average of these parameters in Table 5.2. There
is an interesting diﬀerence between optically thin and self-absorbing HI mod-
els. Overall, we see that the halo of an optically thin HI model has a core
density that is overestimated by 150%. The scale length of the dark matter
halo is 28% longer in the self-absorption model, compared to the optically
thin model. In addition, where the optically thin models have a median shape
that is prolate, the median shape is spherical in self-absorption HI models.
The mass-to-light ratio of the stellar disk drops by more than half when self-
absorbing HI is accounted for.
All of our ﬁve disks are sub-maximal. This was already demonstrated by
O’Brien et al. (2010d) and Banerjee et al. (2010) for UGC7321, who reported
a stellar disk M/LR at a maximum of 2.5, although their ﬁnal decomposition
found a maximum of M/LR = 0.2. The result is consistent with the work by
Bershady et al. (2011), who argued that all galaxies are sub-maximal based
on an analysis of the central vertical velocity dispersion of the disks stars and
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name optically thin self absorbing
ρ0 0.150± 0.124 0.094± 0.230
Rc 1.10± 1.81 1.42± 3.48
q 1.5± 0.6 1.0± 0.6
M∗/LR 1.63± 0.91 0.76± 1.12
Table 5.2: Overview of the global parameters of our halo sample. Shown are the
median and standard deviations of the parameters. The units of ρ0 are in M⊙/pc3
and those of the radius Rc in kpc.
the maximum rotation of 30 face-on galaxies. Similar conclusions have previ-
ously been reached by Bottema (1997) and Kregel et al. (2005). Martinsson
et al. (2013a) conﬁrmed these results after performing dynamically determined
rotation curve mass decompositions for all these 30 galaxies.
In Figure 5.17, we demonstrate the correlation between the four free parame-
ters from our ﬁt. We have also included a range of points from other authors
in this view (see Table 5.3 for an overview, note that multiple halo models
are used an as such the core radius can be expected to vary). Inspecting
the ﬁgure, the most notable correlations is the one between core radius Rc
and halo core density ρ0. With the exception of one point, ESO138-G14 by
Hashim et al. (2014) using a NFW halo, all of the points seem to follow a
relation of Rc ≈ 1/ρ0. This relation is similar to the degeneracy between the
two parameters in an individual galaxy, as for example in Figure 5.11, and it
interesting to observe a similar trend visible across multiple galaxies and halo
models. If this is a true relation, then it implies that there are two families
of halos: one compact halo family with high core density ρ0 and scale length
Rc, and a second non-compact halo family with low core density ρ0 and scale
length Rc.
Our best results are for ESO274-G001 and UGC7321, where we have been
able to include a measurement of the velocity dispersion of the HI as function
radius in the analysis. Focusing on these two, we ﬁnd two very diﬀerent halos.
In ESO274-G001, the halo is oblate with a shape q = 0.7± 0.1 (regardless of
the HI model); while in UGC7321, the halo is distinctly prolate with a shape
of q = 1.9+0.1−0.3 (optically thin HI ) and q = 2.0± 0.1 (self-absorbing HI ).
So how do these shapes compare to other galaxies? Looking at our own Galaxy,
Law & Majewski (2010) propose a triaxial dark matter halo for the Milky Way,
in which (c/a)ϕ = 0.72 and (b/a)ϕ = 0.99. Banerjee & Jog (2011) proposed a
dark matter halo shape for the Galaxy in which the shape becomes progres-
sively more prolate with radius. Vera-Ciro & Helmi (2013) report an oblate
halo with q = 0.9 for the inner 10 kpc, based on stellar streams. Using lens-
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Figure 5.17: Overview of the correlations between the various halo parameters.
Blue crosses represent the halo parameters for the self-absorbing HI , while green
circles represent the optically thin models. Black markers are the data points from
Table 5.3
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ing, Barnabè et al. (2012) also found a slightly oblate halo at q = 0.91+0.15−0.13
for galaxy SDSS J2141. The large weak lensing galaxies sample of van Uitert
et al. (2012), in which 2.2 × 107 galaxies were studied, produced a halo el-
lipticity distribution that also favors oblate halos. The distributions of the
halo shape q was 0.62+0.25−0.25. The three polar ring galaxies studied by Whit-
more et al. (1987), A0136-0801, NGC4650A and ESO415-G026, had slightly
oblate to spherical halo shapes q: 0.98 ± 0.20, 0.86 ± 0.21 and 1.05 ± 0.17.
From this selected sample of papers, it becomes apparent that our result for
ESO274-G001, with q = 0.7± 0.1, is consistent with other papers.
While ESO274-G001 clearly matches up with measurements in other galaxies,
our other of the two best ﬁts, UGC7321, is a more ‘problematic’ case (Figures
5.13, 5.14, 5.15 and 5.16). With a halo shape of q = 1.9+0.1−0.3 for the self-
absorption model, the dark matter halo shape is very strongly prolate. As we
commented before in Section 5.3.5, our upper boundary condition for the halo
shape is q ≤ 2. If we had removed this boundary, some of the ﬁts returned
results as high as q ∼ 5000, which are clearly not physical. The galaxy has been
previously analyzed by Banerjee et al. (2010), whom successfully modelled
the dark matter halo shape for a spherical halo. O’Brien et al. (2010d) had
problems ﬁtting the dark matter halo shape. They had to lower their initially
measured asymptotic halo rotation (e.g. Equation 5.22) in order to get a
successful ﬁt to their data at q = 1.0 ± 0.1, although they were limited to
q ≤ 1 in their analysis. Had their boundary condition been higher, it would
have been likely that they too would have found higher values for q.
5.4.2 Concerns regarding reliability and degeneracy
Given that our two best galaxies produce such drastically diﬀerent results,
how reliable is our methodology? To answer this question, let us recap the
underlying assumptions from this and the previous chapters.
Concerning the neutral hydrogen
We start with the neutral hydrogen. In Chapter 1, we argued that the HI in
edge-on galaxies could suﬀer from signiﬁcant self-absorption. To model the HI
more accurately, we developed a new tool that allowed the neutral hydrogen
in galaxies to be ﬁt automatically, while incorporating a treatment for the
self-absorption of the gas. Indeed, we saw in Section 2.7 that the visible mass
of a galaxy drops as one rotates it from face-on to fully edge-on. In Chapter
3, we developed a method to model the HI content of a galaxy that was edge-
on. In Section 3.3, we tested this method on a series of simulated galaxies,
showing that we could reproduce the input parameters reasonably well using
our method. We also demonstrated that assuming an optically thin HI disk,
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which in reality was self-absorbing, could lead to a wrong measure of face-
on surface density, thickness of the HI layer and the velocity dispersion. We
have continued the use of the optically thin HI results into this chapter to
demonstrate how the dark matter halo measurement is aﬀected by this. As
discussed in the previous section, the results are drastic. How accurate are
our results now?
One of the key assumptions made in Chapter 2 was the eﬀective spin tem-
perature of the neutral hydrogen of 100K. While this was has proven a very
successful value on which to base our results, it is a pure assumption based on
what seemed to work best in Chapter 1. In reality the neutral hydrogen most
likely consists of multiple phases, such as the cold neutral medium (CNM) and
warm neutral medium (WNM). The eﬀective spin temperature is a result of
the mix of the phases of the CNM, which has a median spin temperature of
80K and the WNM, with temperatures between 6000 and 10000K. In Section
2.4, we demonstrated how the interplay of HI gas phases could lead to an
eﬀective median spin temperature. So what would be the consequence of a
wrong estimate of the spin temperature? Suppose that the spin temperature
would have been Tspin = 90K rather than 100K. In that case the face-on sur-
face density of the neutral hydrogen will be higher, which in this chapter would
lead to higher theoretical rotation from the gas components in the galaxy and
stronger vertical force gradients then are currently found. Simultaneously, the
thickness of the disk would be smaller, and thus the total observed vertical
force gradient would be larger (Equation 5.9). Although hard to estimate the
exact eﬀect, the phases of the HI all have diﬀerent distributions, together pro-
ducing the observed thickness of the disk (Lockman & Gehman 1991). The
eﬀective spin temperature could thus be height dependent as well.
Another assumption is the uniform density of the HI as function of radius. In
reality of course, galaxies have spiral arms, supernova, shocks, gravitational
collapse, and other eﬀects, all of which create a drastically non-uniform HI
disk. The question thus remains how strongly the parameters are aﬀected by
this. Kamphuis et al. (2013) made a valiant attempt to model the density
waves in galaxies NGC5023 and UGC2082, demonstrating that these could
be detected in edge-on galaxies1. Indeed, as we discussed in Section 1.5,
the position-velocity (XV-)diagrams are not symmetric on either side of the
galaxies. This problem would most strongly aﬀect the velocity dispersion,
which is dependent on small-scale features. In most cases, this leads to an
overestimation of the HI velocity dispersion, as the ﬁtting algorithm tries to
‘smooth over’ the small-scale ﬂuctuations. In this chapter, the result would
1 Although these authors did not model the HI as self-absorbing, which most likely is
hampering their results
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be an overestimation of the observed vertical force gradient through Equation
5.9. This could be a likely reason why UGC7321 has such a distinctive halo
shape.
We have also assumed that the HI has an isotropic velocity dispersion tensor,
e.g. the same strength in the R, z and θ directions (see Section 2.2.2). While
there currently is no observational proof that this is not a valid assumption, it
remains untested. If the velocity dispersion tensor was in reality anisotropic,
it implies that our observed vertical force gradient is wrong (Equation 5.9). Si-
multaneously, it would aﬀect the amount of observed HI in the self-absorption
mode, as gas with low velocity dispersion can hide more gas than with high
velocity dispersion (Equation 2.19). It would also aﬀect the rotation curve
measurements to a minor degree.
In a similar note, we assume that the velocity dispersion is isothermal in z, e.g.
does not vary with height. In Section 3.4.7, we have attempted to measure this
in ESO274-G001. We found a very small increase of 1 km/s in the slice above
the central 290 pc of the disk. If this were conﬁrmed in other galaxies, it would
mean that Equation 5.8 is false, and thus our observed total force gradient is
wrong. Previously, Lockman & Gehman (1991) has attempted to model the
vertical structure of the Galaxy using multiple HI phases, which had diﬀerent
scale height and velocity dispersions. The phases with the highest scale lengths
also have the highest velocity dispersions. As such, it is quite possible that
the eﬀective spin temperature, e.g. the combination of the various phases,
would also increase with height. Assuming that our currently observed velocity
dispersion is due to the combination of high and low z gas, the total vertical
force gradient would be weaker near the mid-plane than we are currently
reporting, and stronger at high values of z.
The thickness of the HI disk has been assumed to follow a Gaussian form (see
Equation 2.15) for mathematical convenience in Equation 5.9. Other possible
candidates for the HI model would have been the sech and sech2 functions.
Olling (1995) previously discussed the various types of disks and concluded
that the changes due to this would be minor. A sech function has more
extended wings and steeper inner slopes, compared the Gaussian function.
If our galaxies have high-projected latitude gas, such as due to warps or HI
halos, then it is possible that a ﬁt with a Gaussian function would ﬁnd the
FWHM of the disk to be unrealistically large. A ﬁt with a sech function could
then be a better approximation to the HI disk.
Another assumption in our model is the perfect edge-on nature of the HI
disk. In Section 3.3.5, we tested how our HI ﬁtting strategy worked on a
galaxy at i = 88.8◦. We found that the parameters were well recovered.
However, suppose that a galaxy was even further from edge-on, as predicted
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by our stellar decomposition results (Table 4.4). In that case, the thickness
of the HI is probably overestimated and the circular rotation underestimated.
This has a profound eﬀect on the rotation curve decomposition, which would
require a stronger rotational contribution due to the dark matter, in order to
compensate. In a similar vein, the total observed vertical force gradient would
be underestimated, and would thus require a stronger dark matter halo in the
decomposition. On the other hand, the density of the HI would be lower at a
height of 100 pc, such that in Equation 5.10 the vertical force gradient due to
the HI would be lower.
Concerning the stellar disk
In Chapter 4, we set out to use the FitSKIRT tool to model the stellar disk
of our sample of galaxies. We modelled the galaxies using a stellar disk and
a bulge component. While the results were acceptable in most cases, these
galaxies were selected to be relatively bulge-less (Section 1.3). Because of
this, the ﬁtting routine was found to ‘abuse’ the bulge component as a tool
to better model the stellar disk. Thus, the bulges in most of the galaxies
serve more like an extension of the stellar disk, rather than just as a central
component (see Table 4.4 for the parameters). In some cases, the amount of
light from the bulge component is similar in strength to that of the stellar disk
itself (Table 4.3). Due to the massive amount of processing power required
to perform the stellar decompositions, we have been unable to test how well
ﬁtting just an exponential disk to the data would have worked. Most likely,
the results are similar to the combined parameters adopted here.
The stellar models in Table 4.4 were often found to deviate from complete
edge-on. In the absence of dust lanes, which could prove an independent
check, it remains unclear how accurate this result is. If the galaxies were in
reality more edge-on than measured, the stellar disks would have shorter scale
heights. In Equation 5.10, this would imply a lower stellar density at a height
of z = 100 pc, and thus would require a stronger dark matter halo vertical
force gradient to compensate.
Concerning the cross-correlation between parameters
An advantage of our MCMC method is that we have not one, but a whole
range of parameter sets for each galaxy. This allows us to explore the interplay
between the cross-correlations, such as demonstrate Figure 5.12 for the self-
absorption model of ESO274-G001. As is clear from this ﬁgure, a whole range
of solutions can be valid. For example, one parameter set returned a core
density of 0.1M⊙/pc3, with scale length of 1.4 kpc, halo shape q of 0.67 and
M∗/LR of 0.4. A diﬀerent but equal parameter set returned a core density of
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0.06,M⊙/pc3, with scale length of nearly 1.6 kpc, shape q = 0.84 and M∗/LR
of 1.7. These results are drastically diﬀerent, yet both are accepted parameter
sets.
The largest source of uncertainty is the stellar diskM∗/LR. It was beyond the
scope of this project to measure this parameter in each of our galaxies, which
is why we have adopted it as a free parameter. A diﬀerent solution would
have been to adopt the maximum value of M∗/LR permitted in the rotation
curve decomposition, the so-called maximum disk approach (e.g. Carignan
& Freeman (1985); van Albada et al. (1985)). However, these galaxies were
selected to be dark matter dominated at all radii and as such this approach
would have been invalid (Section 1.3). In addition, the applicability of the
maximum disk criteria has already been questioned by Kregel et al. (2005)
and Martinsson et al. (2013b), whom both report sub-maximal stellar disks.
Although beyond the scope of this project, the best approach would be to per-
form a full stellar population synthesis analysis of each galaxy. For examples
see Bruzual & Charlot (2003) and Maraston (2005). By measuring M⊙/pc3
rather than using it as a free parameter, the solution space becomes far less
degenerate and the parameter can thus be ﬁxed far more accurately.
Another cause of concern is the boundary conditions imposed upon our data.
We have done our best to impose realistic boundary conditions. For the dark
matter halo shape, we adopted 0.1 < q < 2.0, as we believe that even more
oblate or prolate halos would be unreliable. In Section 5.2.1 we adopted 0.5 <
M∗/LR < 3.0 as a likely boundary, based on the stellar population models by
Worthey (1994) and Bertelli et al. (1994). As can clearly be seen from the
various cross-correlation diagrams, the models often still run into the boundary
conditions. While it is possible to raise / remove the boundary conditions, we
do not believe that this would lead to realistic results and we have therefore
refrained from doing so.
Halo model
In this work, we have adopted the dark matter halo model by Sackett et al.
(1994). With this model, we can create ﬂattened, axi-symmetric, pseudo-
isothermal halos. In this model, the density is stratiﬁed in concentric ellipsoids.
We have chosen this model to be able to compare directly to O’Brien et al.
(2010d), whom also use this model.
There are many other halo model. Carignan & Freeman (1985, 1988) used
isothermal, rather than pseudo-isothermal halos to model their galaxies. Kor-
mendy & Freeman (2004) compared the merits between isothermal and pseudo-
isothermal halos. As is shown in Kormendy & Freeman (2004) (and reproduced
in O’Brien et al. 2010d), the rotation curve of an isothermal halo initially rises
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above the asymptotic velocity vH , before dropping towards it again. In con-
trast, the pseudo-isothermal rotation curve approaches the asymptotic velocity
from below. This behavior would lead to diﬀerent results for the rotation curve
decomposition. There are more models, such as the NFW and Burkert halo
model, each of which has some mathematical or theoretical advantage (Burk-
ert 1995; Navarro et al. 1996). Even more exotic models exist in which the
dark matter halo shape can vary with radius (Vera-Ciro & Helmi 2013). This
can for example lead to halos that get progressively more prolate with radius
(Banerjee & Jog 2011). While all these halos are very interesting, we believe
that the quality of the data, as discussed in this section, does not warrant such
a detailed exploration properties of the various halo models.
An altogether diﬀerent solution would have been the use of MOND, which
would have removed the need for a dark matter halo altogether (Milgrom
1983). We ﬁnd that in many of our vertical force decompositions, a slight
increase in the mass of theHI and stellar disk would be suﬃcient to account for
the observed vertical force gradient in total. As we argued before, additional
mass in both the stellar and HI disks is allowed for by the data. While it is
beyond the scope of this project to test MOND on our data, it is considered
an interesting avenue for further research.
5.5 Conclusions
We have attempted to measure the shape of the dark matter halo in ﬁve
galaxies, using a simultaneous rotation curve decomposition and a decompo-
sition of the vertical force gradient at the mid-plane. As a dark matter halo
model, we have adopted the Sackett et al. (1994) dark matter halo. Both
optically thin and self-absorbing HI models were used. We ﬁnd that this leads
to drastically diﬀerent results. As we have argued in Chapters 1, 2 and 3,
the HI self-absorption models are the more accurate representation of galax-
ies. Using HI self-absorption, we ﬁnd that a typical dark matter halo has
a less dense core (0.094 ± 0.230M⊙/pc3)1 compared to an optically thin HI
model (0.150 ± 0.124M⊙/pc3). The HI self-absorption dark matter halo has
a longer scale length Rc of 1.42 ± 3.48 kpc, versus 1.10 ± 1.81 kpc for the op-
tically thin HI model. The median halo shape is spherical, at q = 1.0 ± 0.6
(self-absorbing), while it was prolate at q = 1.5± 0.6 for the optically thin.
Our best results were obtained for ESO274-G001 and UGC7321, for which we
were able to measure the velocity dispersion in Chapter 3. These two galaxies
have drastically diﬀerent halos shapes. ESO274-G001 was found to be oblate
at q = 0.7±0.1 (both HI models), while UGC7321 returns a distinctly prolate
1 Central value is reported as the median, error is the standard deviation
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halo at q = 1.9+0.1−0.3 (optically thin) and q = 2.0 ± 0.1 (self-absorbing). The
halo of ESO274-G001 is similar to those found in other studies, but UGC7321
is more problematic. In UGC7321, the most likely cause of concern is the
presence of spiral arms and a HI halo.
With these drastically diﬀerent results, we conclude that the question whether
halos are oblate or prolate is not settled. The results for both of our best
galaxies appear to be ﬁne. A larger set of galaxies needs to be analyzed,
before it can become clear if one of these galaxies is an outlier, or if prolate
and oblate halos are equally likely in nature.
We extensively discuss the various assumptions and sources of uncertainty in
our models, of which there are many. While we have done our best to treat
for these assumptions, for example using MCMC ﬁts to the HI cube, we ﬁnd
that ﬁtting the hydrostatics of the dark matter halo using the vertical force
gradient near the mid-plane of the galaxy will always be tricky.





























































































































































The Way We Measure: A Comparison of Surface
Photometry Methods
S.P.C. Peters, P.C. van der Kruit and R.S. de Jong
The breaks and truncations in the luminosity proﬁle of face-on spi-
ral galaxies oﬀer valuable insights in their formation history. The
traditional method of deriving the surface photometry for face-on
galaxies is to use elliptical averaging. In this chapter, we explore the
question if elliptical averaging is the best way to do this. We present
one new surface photometry method and revive an old one: Princi-
ple Axis Summation and Equivalent Proﬁles. These are compared
to elliptically averaged proﬁles using a set of 29 face-on galaxies.
We ﬁnd that the Equivalent Proﬁles match extremely well with el-
liptically averaged proﬁles. The Principle Axis Summation oﬀers
an interesting alternative for comparing to edge-on galaxies.
Submitted to A&A. First revision.
6.1 Introduction
The surface photometry of a galaxy is the relationship of the radius R, seen
from the center of a galaxy, with the surface brightness µ(R). To ﬁrst order,
light is tracing mass in a galaxy. It is therefore an interesting tool for the
study of galaxy dynamics and evolution. The ﬁrst studies on the subject
are by Patterson (1940) and de Vaucouleurs (1948, 1959), who noted that the
surface brightness of the disk of spiral galaxies followed an exponential decline.
The exponential nature was studied in more detail by Freeman (1970), who
182 chapter 6: A Comparison of Surface Photometry Methods
found that there was a second type of proﬁles that exhibits a break, beyond
which the brightness decreases more rapidly.
The lines-of-sight in an edge-on galaxy are typically longer than in a face-on
galaxy. Thus, more stars are sampled by a single line-of-sight through an edge-
on than through a face-on galaxy at that same (projected) radius. Because
of this, it is easier to detect light at higher radii in edge-on galaxies than
in face-on galaxies. This allowed van der Kruit (1979) to note that in three
edge-on galaxies, the radius of the stellar disk did not increase with deeper
photographic exposures. This work was later expanded to a set of eight edge-
on galaxies for which the three-dimensional light distribution was studied in
detail. Each of these galaxies has a truncated disk, beyond which the intensity
rapidly drops to zero (van der Kruit & Searle 1981a,b, 1982a,b). The view
of breaks and truncations as two separate features was conﬁrmed by Martín -
Navarro et al. (2012). In a study of 34 spiral galaxies, they found that the
innermost break occurs at ∼ 8 ± 1 kpc and truncations at ∼ 14 ± 2 kpc in
galaxies.
Truncations in face-on galaxies remain elusive. Pohlen & Trujillo (2006) used
the Sloan Digital Sky Survey (SDSS) to study a set of 90 face-on late-type
galaxies, while Erwin et al. (2008) studied 66 barred, early-type galaxies.
Pohlen & Trujillo (2006) identiﬁed 14 face-on galaxies with truncations. This
result has been disputed by van der Kruit (2008), who argues that these are in
fact breaks similar to those found by Freeman (1970). Comerón et al. (2012)
studied 70 edge-on galaxies from the Spitzer Survey of Stellar Structure in
Galaxies (S4G) and found that these breaks/truncations occurs at the same
positions as those measured in face-on galaxies by Pohlen & Trujillo (2006).
Anti-truncated proﬁles, in which the intensity drops less quick beyond the
break than it did before the break, have also been discovered (Erwin et al.
2005). Bakos & Trujillo (2012) used deeper Stripe 82 SDSS data on a sub-
sample of seven face-on spirals of the Pohlen & Trujillo (2006) sample and
found that the light contribution from the stellar halo might be responsible for
this anti-truncated class of proﬁles. No sharp cut-oﬀs in the light distribution
were found, only smooth continuations into the stellar halos.
Part of the problem in detecting truncations originates in the diﬀerent ways
proﬁles from edge-ons and face-ons are extracted. In edge-on galaxies, the
surface photometry is deﬁned as the surface brightness along the major axis
of the galaxy. This light comes from a variety of radii as the line-of-sight
crosses through the galaxy. In face-on galaxies, the most common way to
derive proﬁles is by performing elliptical averaging, such as that oﬀered by the
IRAF package ellipse (Jedrzejewski 1987a; Busko 1996). Light in such a
proﬁle only comes from structures at a single radius. The averaging cancels
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out any local structure, which might be causing the truncations in edge-ons
(van der Kruit & Freeman 2011).
We believe that these local structures are of importance when looking for
disk truncations. It is therefore interesting to see what the impact of ellipse
averaging is on proﬁles, and to explore alternative ways to derive such proﬁles.
We use two diﬀerent methods for deriving surface brightness proﬁles in face-on
galaxies that should be less sensitive to local structure and deviations from
circular symmetry: the Principle Axis Summation and the Equivalent Proﬁles.
In Section 6.2, we will detail the inner workings of these methods. We will
present our sample of face-on galaxies, based on a sub-sample of the work
by Pohlen & Trujillo (2006), in Section 6.3. In Section 6.4, the data will be
analyzed and discussed, followed by the conclusions in Section 6.5. In order
to conserve trees, Appendix 6.A contains selected tables for the chapter and
selected ﬁgures for individual galaxies. We refer the reader to the paper for a
full overview of the sample.
6.2 Surface Photometry Methods
6.2.1 Principle Axis Summation
The active debate over the nature of truncations in edge-ons versus face-ons
sparked our interest in developing a new way of measuring the proﬁles. While
attempts have been made to decompose edge-on galaxies into face-ons, such
as van der Kruit & Searle (1981a), Pohlen et al. (2007), Pohlen et al. (2004),
Pohlen et al. (2007) and Comerón et al. (2012), no real attempt has been
made to project face-ons into edge-ons. This enticed us to develop this ﬁrst
method, the Principle Axis Summation (PAS). While not a true projection
into an edge-on geometry, the PAS results resemble the edge-on geometry
more closely than those using ellipse proﬁles.
The PAS method partitions the face-on galaxy into four quadrants, centered
on its major and minor axis. Each quadrant is summed onto the major axis,
leaving four quadrant-proﬁles Q1(R), Q2(R), Q3(R) and Q4(R) (see Figure
6.1). These are multiplied by two, to represent the full line-of-sight along the
major axis and to represent the line-of-sight integration in an edge-on galaxy
better. The main proﬁle P (R) is taken as the median of these four. The
scattering between the four quadrants is a good measure of any asymmetry in
the galaxy. In cases where one or more quadrants suﬀer from severe contam-
ination by foreground or background objects, that quadrant can be ignored
and only the clean quadrants will be used for the median. A clear example
of this is in NGC450, where background galaxy UGC807 is covering a sig-
niﬁcant part of a quadrant (Quadrant Q2 in Figure 6.1). We run a dynamic
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Figure 6.1: Demonstration of the terminology used in the PAS method. The shown
galaxy is NGC450. The major and minor axes are shown using the dashed lines.
Each quadrant has been labelled. The direction in which the data is summed is shown
using the arrows. The outlines of the mask covering background galaxy UGC807 are
visible in quadrant Q2. This quadrant is therefore ignored in the ﬁnal PAS analysis.
binning algorithm along the main proﬁle, to ensure that each point has at least
a signal-to-noise ratio of two. We use an elliptical blanking mask around each
galaxy, shaped and oriented according to the 25th magnitude ellipse of the
galaxy and blanked beyond a trust radius Rt, to minimize the contribution of
sky noise. The trust radius Rt is determined by eye on a heavily smoothed
image, such that the galaxy is fully included in the mask.
The noise in each quadrants proﬁle is a combination of the intrinsic pixel-to-
pixel noise, any large-scale ﬂuctuations and blanked regions. It thus varies
with radius as the amount of pixels in the summation changes. The main
proﬁle depends on the combination of four of these varying quadrants and
can thus vary drastically. To have a good representation of the noise levels
we calculate the noise in the proﬁles using the sky, as taken from the ellipse
between one and two times the trust radius Rt. All pixels between these two
radii are selected and merged row by row into a single long row of pixels. For
each quadrant, we smooth a copy of this row of sky pixels with a ‘tophat’ kernel
with the length of the amount of pixels used, eﬀectively recreating the pixel
summation. We randomly select a value out of each of these four smoothed
sets and take the median. This is repeated 10000 times and the noise is then
calculated as the standard deviation of this sample.
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There are two major diﬀerences between this projection and a true edge-on.
First, in real edge-ons we would be able to observe the eﬀect of variations with
height. As we are seeing the galaxy from above, PAS cannot show this eﬀect.
Compared to ellipse averaging, due to the summation the surface brightness in
PAS will also be brighter. The summation eﬀectively has the unit magnitude
per arcsec, making it distance dependent. For a true comparison with edge-
ons, one would therefore need to apply the PAS method to those as well.
The overall shape of the proﬁle should however be equal. A second major
diﬀerence is that dust absorption is less of an issue here. In a true edge-on,
this could have a signiﬁcant impact on the scale length of the proﬁle. This is
an interesting feature, as a statistical comparison in a large sample of edge-ons
and face-ons could be used to analyze the dust content of galaxies.
The PAS proﬁles are more susceptible to sky determination issues than el-
liptical proﬁles, as any remaining background oﬀset will be multiplied by the
amount of pixels along the minor axis instead of being averaged. In this paper,
we will use the uncertainty in the background-oﬀset estimation (see Section
6.3.6) to over- and under-subtract the proﬁle. We place our conﬁdence limit
at the spot where these three proﬁles start to deviate by more than 0.2 mag-
nitudes. In Figure 6.2a, the sensitivity to the background is demonstrated, by
over- and under-subtracting the data by 0.1 ADU.
As noted before, the PAS proﬁles are eﬀectively in units of magnitude per
arcsec. Because of this, direct comparison with the other two types of proﬁles
is hard. Still, we have chosen to display all these proﬁles together in one graph,
by applying an oﬀset to the PAS proﬁles, such that at R = 0 the brightest
EP proﬁle begins at the same magnitude as the faintest PAS proﬁle. Direct
comparisons of the brightness of the PAS proﬁle with the EP and elliptical
proﬁles should not be made. This strategy does however allow for the check
if a feature occurs at a particular radius R in all three types of proﬁles.
6.2.2 The Equivalent Proﬁles
The Equivalent Proﬁles (EP) are a radical twist on the usual methods. Instead
of using the radius R to ﬁnd the surface brightness µ(R) in a face-on galaxy,
the method turns things around. For each observed surface brightness µ in
the image, there will always be some number of pixels N(µ) that have that or
a brighter value. Since each pixel covers a small surface dA, a total equivalent
surface A(µ) can be formed. In SDSS, the area of each pixel covers 0.396×0.396
arcsec2. Assume that the surface brightness in a galaxy is always brightest in
the center and decreases with radius1. The surface will then form an ellipse,
1 With the exception of small-scale features, this holds for all three types of proﬁles, the
only diﬀerences between them is the rate at which the brightness decreases.
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or circle in the case of a perfect face-on, centered on the galaxy. The radius of
this equivalent surface is called the equivalent radius R(µ). Mathematically




pi cos i , (6.1)
where i is the inclination of the galaxy.
As an example, suppose for a perfectly face-on galaxy that the brightest pixel
in the observation has a value of µ = 18 r’-mag/arcsec2. Since this value is
only reached in one pixel, the equivalent area A(µ) is only 0.3962 arcsec2, and
the equivalent radius R(µ) is thus 0.35 arcsec. At µ =20 r’-mag/arcsec2 there
could be 10.000 pixels at that or a brighter value. In that case the equivalent
area A(µ) goes up to 0.3962×10.000 = 1568 arcsec2, and the equivalent radius
R(µ) is thus 22.3”. By repeating this process for every value of µ in the
observation, we can thus build up the associated set of equivalent radii.
Tests show that this method is particularly sensitive to background noise. Any
positive component of the noise distribution will add to surface A(µ) and thus
increase radius R(µ). This creates a drastic increase in the equivalent radius
at the faintest surface brightness levels (see for example Figure 6.3). The other
methods suﬀer much less from this, as the positive noise values are averaged
out against the negative noise values. Two techniques are used to deal with
this. Firstly, similar as in the PAS, we use an elliptical blanking mask around
the galaxy. It is centered on the galaxy and has suﬃcient radius not to blank
the galaxy itself, but leaves as little background as possible. This blocks out all
signals for which we are sure that they are unrelated to the galaxy. Secondly,
we use non-linear anisotropic ﬁltering, an algorithm normally used in magnetic
resonance imaging (Jones et al. 2003). This helps smooth low S/N regions,
while conserving the ﬂux and important structure in the image.
Equivalent Proﬁles are an old method, going back more than 60 years. The
oldest reference traces back to de Vaucouleurs (1948), wherein he derives his
famous R1/4 proﬁle. In the decades beyond, they were used quite often, as for
example in the photometric survey by van der Kruit (1979). The newer ellip-
tically average proﬁles suﬀer less from noise, and are able to vary the position
angle and inclination as function of radius (Jedrzejewski 1987a), things that
the Equivalent Proﬁles cannot. This is likely why the Equivalent Proﬁles have
fallen from grace.
Similar to the PAS, the conﬁdence limit of the proﬁle is again calculated by
over- and under-subtracting the data by two times the uncertainty and estab-
lishing where the proﬁles start to deviate by more than 0.2 magnitudes. We
demonstrate this contamination by background noise in Figure 6.2b. Com-
paring it to the proﬁles from the elliptical averaging (reproduced here from
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Pohlen & Trujillo (2006)); we see that the Equivalent Proﬁles start to suﬀer
at a brighter magnitude levels. In practice, this level is slightly higher than
the background pixel-to-pixel noise σ. The choice of the radius of the mask
is also not trivial, as demonstrated in Figure 6.3. The larger the radius, the
more background is sampled, and the more noise is picked up. We have opted
to use the same ellipse, with trust radius Rt as used for the PAS.
6.3 Data
6.3.1 Sample
We use the full sample deﬁned by Pohlen & Trujillo (2006). They used the
following criteria to deﬁne their sample:
• A Hubble type T parameter between 2.99 < T < 8.49. This corresponds
to an intermediate to late-type galaxy sample with Sb to Sdm galaxies.
• The axis ratio is chosen such that the inclination is i < 61◦, as to avoid
the inﬂuence of dust and as a convenient way to classify morphological
properties of the galaxy that would have been more obscured at higher
inclinations.
• The recession velocity is vvir < 3250 km/s and the total B-band bright-
ness Mabs < −18.5 B-mag, as to get a complete sample of galaxies within
the 46Mpc survey distance.
• Galactic latitude ∥bII∥ > 20◦ as to avoid dust obscuration.
Using DR2 of SDSS (Abazajian et al. 2004), this led them to a sample of 98
face-on galaxies for which observations were available, out of a full sample of
655 galaxies. The ﬁnal sample is listed in Table 6.3.
6.3.2 Data Reduction
Originally, we retrieved the SDSS images straight from the SDSS website at
http://www.sdss.org. These came from Data Release 7 (Abazajian et al.
2009). Most of the galaxies are so large, however, that their outskirts are
often not covered by the frame and mosaicking would be required. Instead
of manually mosaicking these images, we opted for a diﬀerent approach. We
used Montage1 (Jacob et al. 2010), for the retrieval and mosaicking. In this
paper we focus on the g′, r′ and i′ band images.
1 Montage is available at http://montage.ipac.caltech.edu/
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Figure 6.2: Demonstration of the sensitivity to background under- and overestima-
tion. Here we have used an oﬀset of 0.1 ADU. The horizontal, dashed line shows the
level of the pixel-to-pixel noise. The vertical, dashed line shows the point where the
proﬁle deviate by more than 0.2 magnitudes, which represents the point up to which
we trust the proﬁle. The proﬁles are based on NGC450 (see Figure 6.16).




















Figure 6.3: Eﬀect of choice of radius for the elliptical mask on the Equivalent
Proﬁles. The radius of the mask has been increased by 25%. The shaded region shows
the increase in proﬁle compared to the original, black proﬁle. The horizontal, dashed
line shows the level of the pixel-to-pixel noise.
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The following steps were undertaken. The reference header of the ﬁnal image
was created using mHdr. Tasks mArchiveList and mArchiveExec were then
used in sequence to retrieve the g′, r′ and i′ images from SDSS. The images
were then projected to the reference frame using mProjExec. The overlaps re-
gions between the images were calculated and extracted, using mOverlaps and
mDiffExec. With mFitExec the plane ﬁtting coeﬃcients were calculated be-
tween all frames. A model of the background was then created using mBgModel.
We correct all frames to the common background using mBgExec. Finally, the
images were joined using mAdd.
Each galaxy is thus composed of a set of SDSS frames, which all have a
background plane subtracted. We have also run a test wherein only a constant
oﬀset correction was performed between frames, but in almost all cases, the
plane-corrected images were superior to the constant oﬀset corrected images.
Only in the case of some large galaxies, such as NGC1042 and NGC1068,
did this approach fail and we were forced to remove these galaxies from our
sample.
The mosaicking of images depends heavily on the correctness of the attached
world coordinate system in each frame. The supplied coordinates were correct
for all images, except for NGC4210, where we found that stars were dupli-
cated at multiple positions in the ﬁnal mosaics. We corrected this using the
solve-field tool from the astrometry.net project to verify and correct all
headers automatically (Lang et al. 2010). This was done directly after down-
loading the raw SDSS images using mArchiveExec.
6.3.3 Calibration
Having created mosaics for the g′, r′ and i′ bands, we need to calibrate them
to mag/arcsec2. Similar to Pohlen et al. (2004), we use the TsField table ﬁles
associated with the original observation to get the photometric zero point aa,
the extinction term kk and the airmass coeﬃcients. The surface brightness
zero point is calculated as
µ0 = −2.5×(0.4×[aa+kk×airmass])+2.5×log10(53.907456×0.3962) , (6.2)
with an exposure time of 53.907456 s and an area per pixel of 0.3962 arcsec2.
The ﬁnal surface brightness is then calculated as
µ = −2.5 log10 (counts) + µ0 . (6.3)
A series of reference stars was then selected in both the calibrated image and
the mosaic. For both images, we measure the magnitudes of these stars. Using
a linear ﬁt to these magnitudes, the mosaic was then adjusted to match the
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calibration. On average around 15 stars were used, with a matching error
below 0.05 magnitude.
As we noted before in Section 6.2, the PAS method has units of mag/arcsec
rather than mag/arcsec2, eﬀectively making the value dependent on the pro-
jected size of the minor axis of the galaxy. We still follow the above calibration
strategy for the PAS, but in all subsequent plots will add or subtract a linear
constant term such that the least bright PAS proﬁle (typically the i′) starts
at the same value as the brightest EP proﬁle (typically the g′). This is purely
meant to guide the eye in direct comparisons between the various proﬁles and
should not be seen as the true calibration.
6.3.4 Centering
Michael Pohlen kindly provided us with the tables from Pohlen & Trujillo
(2006). We used the values therein to estimate the center and position angle
of the images, based on the 25th magnitude ellipse. The images were rotated
to have their major axis aligned with the horizontal axis of the image. Overall
this scheme worked well, and only in some cases did we have to tweak the
position angle manually to better correspond to the image.
6.3.5 Masking
Foreground stars and background galaxies are a strong contaminant of the
surface brightness proﬁles. Sextractor was used to create an initial set of
masks, based on the r′-band dataset. For masks outside the galaxy, set by
the outer radius of the elliptical proﬁles, we set the masked regions to zero.
Doing that inside the galaxy would create holes in the proﬁle, so a way to
average over these parts was required. We therefore use Iraf package fixpix
to interpolate the good parts of the image into the masked region. While far
from perfect, this is the best solution for inner regions. If an object has not
been fully masked, its unmasked pixels will contaminate the interpolation. An
RGB (red-green-blue) image was therefore created from the three bands, and
the quality of the masks was inspected. We tweak the mask by hand and
recreate the RGB image. This process was repeated until we were satisﬁed
with the result. In some cases, the contamination is too strong. We then
resort to disabling those quadrants in the minor-axis integrated proﬁles. The
Equivalent Proﬁles lack such a feature, and in some cases, they clearly suﬀer
for it. For the worst cases, we therefore remove these galaxies from our sample.
As an alternative scheme for future work, it would also have been possible
to replace the values of the masking with the expected values as measured
through an initial ellipse ﬁt. However, the advantage of using our fixpix
solution is that we make use of the local structure of the galaxy, rather than
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introduce an idealized symmetric version of the galaxy.
6.3.6 Background Subtraction
Background subtraction is a famous problem in SDSS images, where due to
the storage of numbers as integers one can only measure the background using
very large samples (Pohlen & Trujillo 2006). We perform a run of ellipse
on the data using the default parameters but with ﬁxed inclination, center
and position angle. The background oﬀset is taken as the mean value of all
results between one and two times the Router. Here we use Router to denote the
outermost projected radius of our proﬁle extraction region, which will cover a
region well beyond the galaxy. The one-sigma background noise σ is taken by
measuring the standard deviation of all pixels in that same region. The uncer-
tainty estimation is performed by using the Python scipy.stats.bayes_mvs
to perform a Bayesian ﬁt of a normal distribution to the background. The un-
certainty is based on the average conﬁdence limit for the mean.
In Appendix 6.B, we present RGB images of the background, based on the
three bands for selected galaxies. For the full appendix, we refer the reader
to the online paper version of this chapter. In regions of the image where an
overlap occurs between two SDSS frames, there is a better signal to noise ratio
due to the double observing time spend at those positions. Since the position
of the individual frames that make up an image are not identically placed, this
leads to locally diﬀerent colors in the RGB images. This is expected and we
therefore do not worry about this. However, it does imply that the background
does not have a constant noise level throughout the entire image. While this
is not in itself a bad thing, it is worth keeping in mind when examining the
proﬁles with regard to the uncertainty limit. The mosaicking also introduces
(low) correlated noise by regridding (averaging) the pixels. After that, all
images were inspected for the ﬂatness of the background; we are left with a
sample of 57 galaxies with a stable background.
6.4 Results
6.4.1 Classiﬁcations
We classify the proﬁles by eye for each method. While there will always be
some observer bias in the classiﬁcation, we try to minimize this by only distin-
guishing into three main classes of proﬁles. We follow the basic classiﬁcation
scheme proposed by Erwin et al. (2008). The ﬁrst class, Type I, is used to
classify galaxies which exhibit a more-or-less constant exponential decay, as
known from the work by Patterson (1940), de Vaucouleurs (1948) and Freeman
(1970). The Type II proﬁles will denote all galaxies, which show a downward
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break/bend in its proﬁle, similar to Freeman (1970). The Type III proﬁles
refers to the so-called to the “anti-truncated” proﬁles, as ﬁrst reported by Er-
win et al. (2005). In these proﬁles, there is a steep decent of the light, followed
by a less steep descent. Unlike Pohlen & Trujillo (2006) and Erwin et al.
(2008), we do not sub-classify these proﬁles further.
There is no ﬁxed criteria to quantify at which point a proﬁle shows so many
features that it stops being a simple type I proﬁle, and we tend to classify
more galaxies as type II compared to Pohlen & Trujillo (2006). Four galaxies
are classiﬁed as type I, 40 galaxies are of type II and 16 are type III. Note
that some galaxies are associated with multiple classiﬁcations simultaneously.
Overall, the proﬁle classiﬁcation is the same, independent of the type of proﬁle.
Including the mixed types in each category, the ratios are 7% of the galaxies
as type I, 70% as type II and/or 28% as type III. Comparing this with the
original classiﬁcations by Pohlen & Trujillo (2006), their classiﬁcations would
have been 12% in type I, 65% in type II and 35% in type III. 29 galaxies in this
sample are classiﬁed by us as purely type II galaxies, of which four have been
classiﬁed by Pohlen & Trujillo (2006) as type I and ﬁve have been classiﬁed by
them as both types II and III. In total, we match the complete classiﬁcation
by Pohlen & Trujillo (2006) for 40 out of 57 galaxies (70%).
The type III galaxies are an interesting set. Most of these galaxies show clear
signs of interaction, be it an asymmetric disk (e.g. NGC853, Figure 6.17)
or tidal tails (e.g. NGC3631, Figure 6.18; NGC3642, Figure 6.19). This has
already been reported by van der Kruit & Freeman (2011), who noted that
many of the type III galaxies are mergers. A table with all classiﬁcations is
shown in the paper.
6.4.2 Measurement of Scale Lengths and Feature Radii
Measurement of the scale lengths was done in the following way. For each
galaxy we have seven proﬁles (r′ ellipse, and g′, r′ and i′ for both EP and
PAS). We select the most prominent feature in the proﬁle by eye and try to
deﬁne a ﬁt-region on either side of the feature, where the proﬁles are showing
more-or-less linear behavior. For the region before the feature, its outer radii
are denoted by R1 and R2, while after the feature the radii are R3 and R4. A
table with all radii is shown in the online version of the paper.
Knapen & van der Kruit (1991) showed that the choice of radii to which a
proﬁle is ﬁtted, has a strong eﬀect on the derived scale lengths. To avoid the
introduction of a bias, we use the same region for all of our proﬁles. This can
result in a diﬀerent position for the feature per technique, and in some cases
we ﬁnd that the ﬁtting favors diﬀerent features entirely. We therefore classify
the overall goodness-of-ﬁt for the entire ﬁtting result by eye. We only focus
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our statistical analysis on the galaxies having goodness-of-ﬁt quality ﬂag ’G’
and a purely type II proﬁle. This limits our statistics sample to 29 galaxies.
The scale lengths are listed in the paper.
We denote the scale lengths measured before the feature as the inner scale
length h0 and after the feature as outer scale length hf . The feature radius
is denoted by Rf , where any additional subscript will be used to refer to
the speciﬁc method used. The feature surface brightness µ is measured as
the surface brightness of the proﬁle at the feature radius Rf . The radii and
surface brightness are listed per galaxy in the paper.
The following method is used to estimate the errors. From each ﬁt region, we
randomly drop 10% of the points. A linear ﬁt is performed to the remaining
90%. In cases where multiple ﬁt regions are deﬁned, we perform this simul-
taneous in every region. The resulting ﬁts will be slightly diﬀerent compared
to the original ﬁts. By proxy, the resulting feature radii and feature surface
brightness will also be diﬀerent. By repeating this process 100 times, a scatter
distribution builds up for each variable. We measure the standard deviation
from each distribution, and deﬁne the error as half-width half-maximum by
multiplying it by
√
2 ln 2 . In some cases, we ﬁnd that not all ﬁts return re-
alistic result. This occurs in particular in the more noisy regions. When this
occurs, the error-bars are denoted using arrows in all subsequent graphics.
6.4.3 Sub-classiﬁcation into Breaks and Truncations
After studying a sample of edge-on galaxies, Martín - Navarro et al. (2012)
proposed to distinguish between breaks and truncations based on the criteria
Rf/hf = 5. All values above ﬁve were considered truncations, while all values
lower were considered breaks. We show the histogram of Rf/hf for our sample
in Figure 6.4. Twelve truncations are found in the PAS sample. Seven galaxies
in the EP proﬁles can be considered truncations, out of which six overlap with
the PAS sample. We list the truncations sample in Table 6.1, along with
pointers to the ﬁgures of the individual galaxies in the online version of this
paper.
Overall, we see that most of the EP Rf/hf values lie in a compact range from
1.5 onto 6. The PAS values span a wider range, between 1.0 and 10, and are
more evenly spread. In the edge-on sample from Martín -Navarro et al. (2012)
the Rf/hf ranges from 1 onto 20. The mean values of Rf/hf for the ellipse
proﬁles is 4.46± 2.86, for the EP 4.02± 1.67 and for the PAS 4.71± 5.14. The
wider spread of the PAS appears to represent edge-on proﬁles better than the
EP proﬁles. It is interesting to note that the EP proﬁles have a lower average
value and scatter than the ellipse proﬁles. This is due to the redistribution of
light that occurs as part of the EP method, which has the eﬀect of smoothing
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Table 6.1: List of truncations based on the Martín - Navarro et al. (2012) criterion
out the proﬁle a bit. In Figure 6.5 we show boxplots for all three distributions
of Rf/hf . As can be seen more clearly from this ﬁgure, the median values
of the Rf/hf distributions are similar between the three distributions. We
perform an ANOVA test on the three distributions of Rf/hf , using R, to test
if the diﬀerence in variance is statistically signiﬁcant. We ﬁnd an F-value of
1.356, which is not statistically signiﬁcant.
6.4.4 Correlation Tests
Following Pohlen & Trujillo (2006) we perform a range of correlation tests on
all our parameters. We use the Spearman rank correlation coeﬃcient1 ρ to
estimate if there is any monotone correlation between two parameters. We also
calculate the corresponding signiﬁcance p of that ρ, using as a null-hypothesis
the absence of correlation. We reject the null-hypothesis when p < 0.05. The
signiﬁcance test p only describes the chance of ﬁnding a particular value of ρ
purely by chance. Because of small number statistics, very strong correlations
need few samples to become statistically signiﬁcant. Fainter, but potentially
real, correlations require far more samples to distinguish from random noise.
As our sample is small, we can only report on relatively strong correlations.
In all subsequent ﬁgures, we print the correlation of the combined feature set.
1 We calculate the Spearman rank correlation coeﬃcient ρ and signiﬁcance p using the
Python package scipy.stats.spearmanr.
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Figure 6.4: Histogram of Rf/hf for the ﬁnal sample. The dashed vertical line
represents the Rf/hf = 5 threshold proposed by Martín - Navarro et al. (2012), with
all points to the left considered breaks and all points to the right considered truncations.
In light red denotes the EP proﬁles, while the darker blue denote the PAS proﬁles.
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Figure 6.5: Boxplot of Rf/hf for the ﬁnal sample. Thick vertical stripes denote the
median values, the boxes denote the outlines of the 25% and 75%, and the whiskers the
minimum and maximum. The dashed vertical line represents the Rf/hf = 5 threshold
proposed by Martín -Navarro et al. (2012), with all points to the left considered breaks
and all points to the right considered truncations.
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The symbols distinguish between breaks and truncations using ﬁlled and open
markers. The subset correlation tests can be found in Table 6.4. We will
discuss the various correlations in the following subsections. Only the most
prominent correlations are shown in ﬁgures.
Scale lengths and radii
The r′-band inner and outer scale lengths, are shown in Figures 6.6 and 6.7.
From Figure 6.6, we ﬁnd that inner scale lengths, as measured in both the EP
and PAS proﬁles compared to the elliptical, follow very tight positive correla-
tions. This holds for both the full sample and the sub-samples of truncations
and breaks. The PAS proﬁle have slightly more scatter, and thus the correla-
tions are weaker than those of the EP with the ellipse method. A line is ﬁt
through the data, using absolute diﬀerences as the cost function, and forcing
the line through (0, 0). We ﬁnd that h0,EP ∼ 0.95h0,ell and h0,PAS ∼ 1.11h0,ell.
The ﬁrst relation is likely a result of the inability of the EP method to deal
with bumps that the ellipse can show. If a bump is present in the ellipse proﬁle,
this can make the scale length in the ellipse proﬁle slightly steeped than that
of the EP proﬁles. The second relation is more profound: inner scale length
of the PAS are longer than the proﬁles in ellipse proﬁles. Likely this result is
due to the geometry of the galaxies. The consequence is that in an edge-on
galaxy without dust, the inner scale lengths will be longer. The mean inner
scale length h0 for the EP was 3.16± 1.18 kpc and very similar 3.16± 1.30 kpc
and 3.17 ± 0.64 kpc for the breaks and truncations sub-samples. The mean
inner scale length measured with the PAS is higher and has more scatter
at 3.87 ± 1.59 kpc, with again rather similar sub-samples at 3.81 ± 1.65 kpc
and 3.95 ± 1.49 kpc. The mean inner scale length of the ellipse proﬁles was
3.46± 1.64 kpc. This is very similar to Pohlen & Trujillo (2006), who found a
mean scale length h0 of 3.8± 1.2 kpc.
The same tight correlations with the ellipse proﬁles remain for the scale lengths
after the feature for both proﬁles. The biggest scatter increase occurs in the
truncations sample of the PAS proﬁles, where ρtruncations = 0.732. This result
however remains comfortably signiﬁcant at p = 0.00. The mean outer scale
length hf as measured through the EP proﬁles was 2.26± 1.03 kpc for the EP
methods. The breaks have 2.43±1.04 kpc and the truncations 1.68±0.70 kpc.
For the PAS we have found hf = 2.13 ± 1.28 kpc, with subdivisions into
2.61 ± 1.41 kpc and 1.36 ± 0.41. The average ellipse outer scale length hf
is 2.12 ± 0.98 kpc, with the breaks at 2.40 ± 1.08 kpc and the truncations at
1.61 ± 0.47. The outer truncation scale lengths of the EP and ellipse proﬁles
thus tend to be longer than their PAS counterparts. In edge-on galaxies, the
scale length for a truncation is even shorter, at only 1.5± 0.1 kpc. The break
scale lengths is similar at 2.7± 0.3 kpc (Martín -Navarro et al. 2012).
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Figure 6.6: The inner scale length of the linear ﬁts to the r′-band proﬁle, h0,
compared to the scale lengths as derived from the ellipse proﬁles. The circles denote
the EP proﬁles and the squares denote the PAS proﬁles. Filled markers are breaks,
while open markers are likely truncations. The correlation signiﬁcance p are also
shown.
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Figure 6.7: The outer scale length of the linear ﬁts to the r′-band proﬁle, hf ,
compared to the scale lengths as derived from the ellipse proﬁles. The circles denote
the EP proﬁles and the squares denote the PAS proﬁles. Filled markers are breaks,
while open markers are likely truncations. The correlation signiﬁcance p are also
shown.
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As we noted before, the PAS surface brightness levels are in magnitudes /
arcsec rather than magnitudes / arcsec2, making it distance dependent. As a
quick test to see if the distance could be a complicating fact in the increased
scatter of the PAS, we model a very simple galaxy, which we have placed at
various distances, thus changing the number of points available in the minor
axis summation. In this test, we found that the ratio between the ellipse
derived scale lengths versus the PAS derived scale lengths did change with
distance, but the scatter was below 1% of the derived scale lengths. Thus,
distance does not aﬀect the derived scale lengths signiﬁcantly.
The feature radii from the ellipse proﬁles to the feature radii measured in the
other proﬁles for the r’ band images, are also tightly correlated between the
various methods. This is expected, as any other result would have caused the
proﬁle to be ﬂagged. Again ﬁtting this relation with a linear approximation
we ﬁnd that the both the EP and PAS proﬁles follow h1,PAS&EP = 1.03h1,ell.
The mean radius Rf for the EP is 8.38± 2.96 in the whole sample. The radii
Rf for the breaks and truncations sub samples are 8.13±2.77 and 9.29±3.39.
In comparison, the PAS proﬁle radii rf have a mean position of 8.32 ± 3.15,
with the break and truncation sub samples at 7.61 ± 3.02 and 9.44 ± 3.03.
The EP results are similar to Pohlen & Trujillo (2006), who report a typical
radius of Rf = 9.2 ± 2.4 kpc for their type II-CT sample and Rf = 9.5 ± 6.5
for their OLR sample. An average radius of 7.9±0.9 kpc was reported for the
inner breaks in the edge-on sample of Martín -Navarro et al. (2012), while the
average truncation was found at 14± 2 kpc.
Looking at the radius of the feature in terms of the number of (inner) scale
lengths Rf/h0, we have a mean of 2.84± 0.98 for the EP and 2.32± 0.75 for
the PAS. This diﬀerence is a reﬂection of the result previously reported that
PAS proﬁles tend to have longer inner scale lengths compared to the ellipse
and EP. The breaks and truncations sub samples for the breaks show similar
behavior. For the EP we ﬁnd 2.83±1.06 for the breaks and 2.90±0.67 for the
truncations. For the PAS we ﬁnd 2.20± 0.83 and 2.52± 0.57. Overall, we see
that the truncations suﬀer from less scatter than the breaks. For truncations
in edge-on galaxies, rf/h0 is expected to lie around 4.2 ± 0.6 (van der Kruit
& Searle 1982a). Sixteen face-on galaxies from the sample of Wevers (1984)
were analyzed by van der Kruit (1988) for the presence of truncations, who
found rf/h0 = 4.5± 1.0. Bosma & Freeman (1993) argued that a large range
of radii could be found, as seven galaxies in the Wevers (1984) sample, have a
relatively bright ’edge’ at rf/h0 = 2.8± 0.4, while his other did not show this
and would thus have Rf/h0 > 4. Pohlen et al. (2002) ﬁnd for three galaxies a
result of 3.9± 0.7. Pohlen & Trujillo (2006) ﬁnd a far lower Rf/h0 ∼ 2.5± 0.6
for their type II-CT sample and 1.7 for their breaks sample, which they argue
is due to diﬀerent deﬁnitions of what is a break and truncation plus the way
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to mark this.
Sharpness of the breaks
In Figure 6.8, the ’sharpness’ of the break is shown as measured through
the ratio of inner over outer scale lengths h0/hb. Breaks from the EP range
in strength from just above 0 until 3.5, while the PAS range up until 5. The
average EP break sharpness is h0/hb = 1.57±0.64, while the PAS is at h0/hb =
1.57± 0.64. This reﬂects the diﬀerence between face-on and edge-on proﬁles,
where edge-on proﬁles typically have sharper features, going up to 12 (Martín-
Navarro et al. 2012). Similar to our EP results, Pohlen & Trujillo (2006) found
h0/hb = 2.1 ± 0.5, ranging from 1.3 to 3.6, in the type II-CT sample. Our
more extensive classiﬁcation into type II galaxies creates the diﬀerence at the
lower end of this range. Truncations and breaks overlap in both proﬁle types,
although the truncations tend to lie only on higher values. Compared to the
EP, the PAS has a wider and more spread, and can thus reach a wider range
of sharpness levels.
Figure 6.8 oﬀers an interesting alternative to the Martín-Navarro et al. (2012)
classiﬁcation scheme of Rf/hf = 5. As can be seen from the ﬁgure, the trun-
cations –as classiﬁed using the Rf/hf = 5 in the PAS– are all at high values
of h0/hf . There are however also galaxies that did not meet the Rf/hf ≥ 5
criteria, but which still have high values of h0/hf . An alternative scheme could
therefore be to classify all galaxies as having a truncation when the sharpness
of a break is above some threshold. Observing the ﬁgure, a value of h0/hb = 2
would seem appropriate.
In Figure 6.9, we plot the relation of hf with Rf/hf . There is a very clear anti-
correlation between the two. Schaye (2004) predicted the presence of an anti-
correlation after studying simulations of the thermal and ionization structure
of the gaseous discs by Mo et al. (1998). The transition to the cold interstellar
medium phase is responsible for the onset of local gravitational instability,
which triggers star formation. For an exponential disk, an empirical relation
was found which could match the data well (Equation 6.4). Here, Mdisk is the
total mass of the disk an Σc is the critical face-on surface density of the disk





We apply this model to Figure 6.9. The model ﬁts the breaks sub-sample
well, but fails to recover the general shape of the sample if we include the
truncations sample.
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Figure 6.8: Histogram of h0/hf for the ﬁnal sample. In the top plot, the results are
shown for the EP proﬁle. Filled, red bars are the breaks. Stacked on top of that are
the white bars for the truncations. The bottom panel features the results for the PAS
proﬁles, in blue the breaks and in white the truncations.


















Figure 6.9: Scale length hf with ratio Rf/hf . Filled markers are breaks, open
markers are truncations. The top panel shows the results for the PAS and the bottom
panel for the EP. Dashed black lines represent the empirical scaling relations from
Schaye (2004), using Σ0 = 5.9 M⊙ pc2 and Mdisk as 5× 108, 3.5× 109 and 25× 109
M⊙.
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Figure 6.10: Correlations for diﬀerences in scale length h0 per band as measured
using the EP proﬁles, with the scale length from the r’-band ellipse proﬁles. The
corresponding signiﬁcance values are superimposed on the panel. Diamond shaped
boxes represent the g′−r′ points, square boxes represent the r′−i′. Filled markers are
breaks, open markers are truncations.
Variations per band
It is interesting to test for variations of the scale lengths as measured in dif-
ferent bands. We test this by performing a correlation test of the ellipse scale
lengths h0 and hf with the diﬀerences of the PAS and EP proﬁles scale lengths
∆h0 and ∆hf , as measured between two bands. The results from these tests
are shown in Table 6.4. Only one statistically signiﬁcant correlation is found.
The diﬀerence of the inner scale lengths measured with the PAS in the r′
and i′ bands has a correlation of ρ = 0.50 at p = 0.00. We demonstrate this
correlation in Figure 6.10. The points that lead to this correlation are mostly
points with high uncertainty, and we thus remain skeptical about any actual
correlation.
The diﬀerences in brightness between bands at the features from both methods
are compared in Table 6.2. If the error-bars are included in the comparison,
the brightness diﬀerences between bands are practically the same, regardless of
the use of either the EP or PAS. The one potential exception to this can be seen
in the r′− i′ truncations sample, where for the EP we have 0.19±0.13 and for
the PAS 0.30± 0.20. As demonstrated earlier, the EP is particularly sensitive
to background noise. Out of all bands, the i′ has the highest background noise,
so most likely the oﬀset is due to sampling of the background. We have also
tested any potential correlation of feature radius rf as measure by the EP or
PAS proﬁles, with the brightness diﬀerences g′ − r′ and r′ − i′. We ﬁnd a
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Figure 6.11: Correlations of the break radius Rf , for each method, with the diﬀer-
ence in brightness for various bands. Shown are g′−r′ (diamond markers) and r′−i′
(box markers). Filled markers are breaks, open markers are truncations. The top
panel shows the results for the PAS and the bottom panel for the EP.
weak correlation of ρ = −0.35 and signiﬁcance p = 0.04 in the PAS g′ − r′
full-dataset sample, which we show in Figure 6.11. This correlation is likely
due to measurements errors of a couple of bad points at the outskirts.
The r’-band magnitude at the feature has also been compared to the ∆µ(r′−g′)
and ∆µ(r′−i)′ values. The rank correlation tests show that there is no strong
correlation for r′ with ∆µ(r′−g′) and ∆µ(r′−i′), with the maximum at only
ρ = 0.30 and p = 0.08. The only exception is for the PAS proﬁles from
the r′ − i′ breaks subsample, where there is a correlation of ρ = 0.49 and
p = 0.02. This correlation is due to the same points as the correlation of h0
with ∆h0(r′ − i′0) in the PAS.
Correlations with absolute magnitude, maximum rotation and spe-
ciﬁc angular momentum
Martín - Navarro et al. (2012) found that the truncation radius of a galaxy
is strongly correlated with the maximum rotational velocity vrot of a galaxy,
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band & method full sample breaks truncations
∆µ(g′−r′) (EP) 0.38± 0.14 0.38± 0.15 0.39± 0.09
∆µ(g′−r′) (PAS) 0.41± 0.29 0.46± 0.31 0.32± 0.23
∆µ(r′−i′) (EP) 0.25± 0.18 0.27± 0.19 0.19± 0.13
∆µ(r′−i′) (PAS) 0.29± 0.34 0.28± 0.39 0.30± 0.20
Table 6.2: Average brightness diﬀerences at the feature radius between various bands
having a correlation of ρtruncation = 0.81. The breaks in their sample were
correlated at only ρbreak = 0.50. In contrast, Pohlen & Trujillo (2006) report
ﬁnding no correlation with rotation. They do report a weak correlation of the
brightness at the feature µr′ with the absolute magnitude Mabs. We explore
possible correlations with of the feature radii rf , surface brightness at the
feature µ, and diﬀerences in brightness between bands at the feature µ∆, with
absolute magnitude Mabs, maximum rotation vrot, in Table 6.4. We ﬁnd only
one weak correlation in the diﬀerence between the g′ and r′ surface brightness
at the feature radius, as measured with the EP method, with the rotation
velocity vrot. The correlation strength is ρ = 0.36 and p = 0.03.
Martín -Navarro et al. (2012) also perform a correlation test of the break and
truncation radii with the speciﬁc angular momentum j, calculated using the
empirical expression by Navarro & Steinmetz (2000)1,





km s−1h−1kpc . (6.5)
As this is a rescaling of vrot, the correlation remains the same. They ﬁnd
that the feature radius only correlates well beyond rb = 8 kpc. For smaller
disk with vrot < 100km s−1, rbreak and vrot are essentially unlinked. When
examining the full radii range, we also do not ﬁnd a statistically signiﬁcant
correlation. The same holds when limiting ourselves to all features beyond
r > 8.
Eﬀect of inclination
In Section 6.4.4, we found that the PAS proﬁles typically tends to have sharper
breaks than the elliptical and EP proﬁle. As the PAS projects data as if it
was edge-on, it is also interesting to compare the eﬀect of inclinations in this.
To this end, we have tested the correlation of a/b (major axis over minor axis)
with scale lengths h0 and hf , h0/hf and Rf/hf , in Table 6.4. The results are
also visualized in Figure 6.12.
1 In this paper we adopt h = 0.7
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We ﬁnd no signiﬁcant correlation between a/b and inner scale length h0. There
may be a negative trend visible in the truncations-only sample, as both the
EP and PAS proﬁles have reasonably strong correlations with ρ = −0.44
and ρ = −0.34, but more point will be required before this is signiﬁcant.
When looking at the outer scale length, a negative correlation of ρ = −0.40 at
p = 0.01 is found for the PAS. This correlation is mostly due to the truncations
samples, which has ρ = −0.49 at p = 0.08, which is also clear from the ﬁgure.
Thus, the PAS outer scale length typically gets shorter with higher inclination,
while the inner scale lengths barely depend on inclination.
The Rf/hf has a weak but signiﬁcant correlation with a/b in the PAS method,
ρ = 0.35 at p = 0.04, a correlation which holds (albeit insigniﬁcantly) for
both subsets. Interestingly the EP results follow similar correlations, although
those are not signiﬁcant. The sharpness of the breaks h0/hf has no signiﬁcant
correlation with a/b in either method.
6.5 Closing Discussion and Conclusions
We have developed two new approaches for extracting the surface photometry
of a face-on galaxy. The Equivalent Proﬁles (EP) work under the assumption
that the surface brightness of a galaxy decreases as the radius increases. By
starting with the brightest pixel and moving to lower brightness levels, each
level can be assigned an equivalent area ellipse containing the surface of all
pixels that are at or brighter than that level. The equivalent ellipse then gives
the equivalent radius. The other method is the Principle Axis Summation
(PAS), which work by summing the light onto the principle axis of the galaxy.
This method then gives the equivalent of the proﬁle as if the galaxy was seen
edge-on. We have then tested this method on a sub-sample of the galaxies
from Pohlen & Trujillo (2006).
Seen overall, we ﬁnd that both our methods perform well. Considering the
fundamentally diﬀerent method used to derive them, the EP are remarkably
similar to the ellipse proﬁles as measured by Pohlen & Trujillo (2006). There
are some diﬀerences. The ellipse proﬁles have the ability to measure local
upturns in the proﬁles, for example due to a local bar or ring feature. By
design, the EP is unable to cope with this. This can lead to slightly diﬀerent
scale lengths. Beyond such a bump however, the EP proﬁle and ellipse join up
again, as for example in Figure 6.13. Overall, we see that the EP behaves worse
at lower brightness levels than the ellipse proﬁles. For practical purposes, the
ellipse therefore remains the preferred method.
The PAS method turns out to be a very interesting approach. Compared to
the EP proﬁles, breaks and truncations often look sharper. A good example of
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Figure 6.12: Correlation of various parameters with inclination (expressed as a/b).
Top row shows with scale length h0 (left) and hf (right). Bottom row has the h0/hf
(right) and Rf/hf (left) correlations. The statistical correlation tests are plotted in
each panel. Boxes represent the PAS points, while circles represent the EP points.
Open markers represent truncations, while ﬁlled markers represent boxes.
this can be seen in galaxy IC1158, seen in Figure 6.15, where the PAS proﬁles
starts to drop quite rapidly beyond ∼ 65′′, much stronger than the ellipse
proﬁles. We ﬁnd that the inner scale length as measured with the PAS is on
average 10% longer than the same scale length in either of the other methods.
We also ﬁnd a negative correlation with the inclination as expressed by the
ratio a/b. As the inclination increase, the outer scale length of the PAS proﬁles
get smaller. This leads to sharper breaks h0/hf than is seen in ellipse proﬁles
or in the EP proﬁles. Although beyond the scope of this project, it would be
interesting to test if h0/hf , rather than Rb/hf is a good way to distinguish
between breaks and truncations.
In edge-on galaxies, there is a well-observed correlation of the radius of the
truncations with the maximum rotation velocity vrot (van der Kruit 2007).
This was conﬁrmed by Martín - Navarro et al. (2012), who also found a cor-
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relation with the absolute magnitude of the galaxy Mabs. Pohlen & Trujillo
(2006) did not ﬁnd this relation in their face-on sample. We do not ﬁnd any
correlation of the surface brightness at the feature, diﬀerence in brightness
between various bands at the feature, and the feature radius, with the abso-
lute brightness Mabs nor with the maximum rotation vrot. Martín - Navarro
et al. (2012) divide their samples up into truncations and breaks based on the
criteria Rf/h0 = 5, with the galaxy belonging to breaks if the ratio was below
ﬁve and truncations if it was above it. We have split our sample into these
two subsets using the same criteria and have inspected the data for correla-
tions. We do not reproduce these correlations. We are therefore skeptical of
the galaxies in our truncations subsample constituting true truncations in the
edge-on sense. It more likely that we are still only observing breaks. Trunca-
tions can likely only be found by using deeper imaging, such as that used by
Bakos & Trujillo (2012). We will explore the use of deeper imaging to detect
truncations further in the next chapter.
6.A Tables
Table 6.3: Fundamental properties for the full sample
Galaxy Mabs Type t vrot[km/s] i [◦] PA [◦] D [Mpc]
IC1067 -18.65 Sb 3,0 148.74 42.3 151.1 28.3
IC1125 -20.03 SBcd 7,3 103.77 55.9 305.8 35
IC1158 -19.52 SABc 5,1 120 55.9 136.7 29.7
NGC0450 -19.72 SABc 5,8 102.94 50.2 188.8 19
NGC0701 -19.84 SBc 5,0 120.96 59.3 45.7 19.5
NGC0853 -16.23 Sm 8,6 60.29 50.2 16.3 21
NGC0941 -19.13 SABc 5,3 88.93 45.6 101.4 22
NGC1042 -20.27 SABc 6,0 46.1 36.9 74.7 4.21
NGC1068 -21.5 Sb 3,0 282.54 24.5 170.2 10.1
NGC1084 -20.63 Sc 4,9 194.52 52.4 52.8 16.6
NGC1087 -20.65 SABc 5,2 120.27 52.4 268.4 19
NGC1299 -19.35 SBb 3,0 120.91 56.6 42.0 32
NGC2541 -18.66 SABc 6,0 97.22 61.3 107.6 14.8
NGC2543 -20.5 Sb 3,0 148.11 60.0 51.1 26.3
NGC2684 -19.88 Sc 4,6 101.03 34.9 35.1 44.9
NGC2701 -20.45 SABc 5,2 143.88 47.2 63.3 30.7
NGC2776 -21.54 SABc 5,2 99.06 18.2 6.0 38.7
NGC2967 -20.37 Sc 5,2 165.95 21.6 250.7 30.9
NGC3055 -20.12 SABc 5,3 142.65 54.5 27.0 28
NGC3246 -19.3 Sd 7,9 109.85 58.7 354.4 35.5
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Table 6.3: Fundamental properties for the full sample, continued.
Galaxy Mabs Type t vrot[km/s] i [◦] PA [◦] D [Mpc]
NGC3259 -19.62 SABb 3,7 120.54 55.2 71.5 35.9
NGC3310 -20.11 SABb 4,0 288.38 18.2 70.7 17.5
NGC3359 -20.57 Sc 5,2 148.06 58.7 101.9 22.6
NGC3423 -19.6 Sc 6,0 127.12 35.9 56.3 11.7
NGC3488 -19.9 SBc 5,2 122.69 48.7 92.7 46.3
NGC3583 -20.58 SBb 3,1 182.1 47.2 326.4 31.6
NGC3589 -18.63 SABc 7,0 77.82 60.0 36.3 34.1
NGC3631 -21.02 Sc 5,2 78.36 32.9 339.9 21.6
NGC3642 -20.57 Sbc 4,0 48.71 18.2 7.4 27.5
NGC3756 -20.2 SABb 4,0 145.95 60.0 91.0 15.7
NGC3888 -20.47 SABc 5,3 203.06 42.3 335.8 41.5
NGC3893 -21 SABc 5,2 147.68 53.8 282.4 15.7
NGC3982 -19.91 SABb 3,2 191.83 27.1 92.2 24.6
NGC3992 -21.31 Sbc 4,0 295.12 54.5 19.8 22.9
NGC4030 -20.84 Sbc 4,0 201.32 36.9 59.6 25
NGC4041 -20.19 Sbc 4,0 263.1 18.2 12.4 22.7
NGC4102 -19.4 SABb 3,1 158.14 55.2 50.6 16
NGC4108 -20.25 Sc 5,2 223.28 39.6 323.1 41.6
NGC4108B -18.77 SABc 7,0 195.8 38.7 349.7 43.8
NGC4123 -19.91 Sc 5,0 128.5 47.9 324.0 14.9
NGC4210 -19.99 Sb 3,0 162.96 40.5 351.9 44.8
NGC4273 -20.6 Sc 5,2 328.91 52.4 263.3 28.5
NGC4480 -20.3 SABc 5,1 169.24 60.0 92.6 36.7
NGC4517A -19.8 Sd 7,8 71.35 55.2 241.4 23.6
NGC4545 -20.3 Sc 5,6 129.19 54.5 264.7 38.2
NGC4653 -20.33 SABc 6,0 211.75 33.9 101.5 39.1
NGC4668 -18.92 SBcd 7,4 62.33 58.7 265.5 17.2
NGC4904 -19.12 Sc 5,8 105.15 44.8 243.4 20.5
NGC5147 -19.09 SBd 7,9 154.83 37.8 150.5 21.6
NGC5300 -18.7 SABc 5,2 120.42 47.9 119.6 19.9
NGC5334 -19.12 Sc 5,2 132.75 39.6 76.0 24.7
NGC5376 -20.03 SABa 2,3 204.71 52.4 208.9 55.5
NGC5430 -20.76 SBb 3,1 186.86 49.5 87.4 37.9
NGC5480 -19.94 Sc 5,0 150.36 31.8 231.8 22.4
NGC5584 -19.69 SABc 6,0 124.86 42.3 292.1 19.7
NGC5624 -18.75 Sbc 3,8 66.52 48.7 71.8 35
NGC5660 -20.66 SABc 5,2 138.52 18.2 129.6 37.2
NGC5667 -19.93 SBc 6,0 100.4 58.0 100.1 34.8
NGC5668 -20.01 Scd 6,9 72.52 31.8 134.0 26.9
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Table 6.3: Fundamental properties for the full sample, continued.
Galaxy Mabs Type t vrot[km/s] i [◦] PA [◦] D [Mpc]
NGC5693 -19.08 Scd 6,9 44.83 18.2 139.6 40.1
NGC5713 -21.16 SABb 4,0 107.91 29.5 81.6 18.3
NGC5768 -19.43 Sc 5,3 123.62 27.1 337.4 33.1
NGC5774 -19.37 SABc 6,9 83.64 38.7 135.1 26.8
NGC5806 -19.92 Sb 3,2 190.93 57.3 104.7 25.2
NGC5850 -21.5 Sb 3,1 117.44 38.7 103.4 28.5
NGC5937 -21.17 SABb 3,2 180.29 55.9 70.9 46.6
NGC6070 -21.14 Sc 6,0 204.85 64.5 210.8 27.8
NGC6155 -20.02 Sc 5,2 109.64 43.9 133.3 41.7
NGC7437 -18.75 SABc 6,7 151.78 25.8 70.9 29.2
NGC7606 -21.2 Sb 3,0 445.74 67.7 125.7 31
PGC006667 -18.28 Scd 6,6 136.08 35.9 328.0 24.6
UGC02081 -18.39 SABc 5,8 95.56 54.5 108.8 42.5
UGC04393 -19.23 Sbc 3,5 62.21 56.6 29.0 15.2
UGC06309 -19.74 SBc 4,5 134.19 46.4 326.5 47
UGC06518 -19.06 Sbc 3,8 87.56 52.4 68.7 46.3
UGC06903 -18.35 Sc 5,9 163.69 28.4 131.9 30.5
UGC07700 -18.87 Sd 7,9 84.98 40.5 200.7 48.3
UGC08041 -18.48 SBcd 6,9 103.6 58.7 290.0 17.2
UGC08084 -18.84 SBd 8,0 88.77 34.9 210.5 41.1
UGC08237 -19.82 SBb 3,0 38.7 138.5 47
UGC08658 -19.93 Sc 5,0 124.79 52.4 160.3 37.2
UGC09741 -18.84 Sbc 4,0 27.1 102.3 42.9
UGC09837 -19.48 SABc 5,3 179.15 18.2 117.6 41.2
UGC10721 -19.72 Sc 5,8 143.07 47.9 159.8 45.8
UGC12709 -19.05 SABm 8,7 70.61 52.4 13.0 35.1
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Variable 1 Variable 2 ρ p ρbreak pbreak ρtruncation ptruncation
h0 (ell) h0 (EP) 0.966 0.00 0.969 0.00 0.952 0.00
h0 (ell) h0 (PAS) 0.874 0.00 0.879 0.00 0.881 0.00
h1 (ell) h1 (EP) 0.942 0.00 0.925 0.00 0.952 0.00
h1 (ell) h1 (PAS) 0.875 0.00 0.927 0.00 0.732 0.00
h0 (ell) ∆h0 (g′ − r′) (PAS) -0.11 0.53 -0.16 0.41 0.14 0.74
h0 (ell) ∆h0 (r′ − i′) (PAS) 0.496 0.00 0.537 0.00 0.24 0.57
h0 (ell) ∆h0 (g′ − r′) (PAS) 0.03 0.85 0.10 0.66 0.00 0.99
h0 (ell) ∆h0 (r′ − i′) (PAS) 0.03 0.86 0.06 0.80 -0.07 0.81
h1 (ell) ∆h1 (g′ − r′) (EP) 0.22 0.20 0.19 0.33 0.33 0.42
h1 (ell) ∆h1 (r′ − i′) (EP) -0.31 0.07 -0.20 0.32 -0.38 0.35
h1 (ell) ∆h1 (g′ − r′) (EP) 0.23 0.18 0.40 0.06 -0.18 0.53
h1 (ell) ∆h1 (r′ − i′) (EP) -0.15 0.38 -0.18 0.43 0.29 0.31
Rf (ell) Rf (EP) 0.977 0.00 0.973 0.00 0.952 0.00
Rf (ell) Rf (PAS) 0.936 0.00 0.878 0.00 0.960 0.00
µr′ (EP) µg′−r′ (EP) -0.07 0.71 -0.15 0.46 0.29 0.49
µr′ (EP) µr′−i′ (EP) -0.05 0.77 -0.02 0.92 -0.24 0.57
µr′ (PAS) µg′−r′ (PAS) -0.26 0.13 -0.34 0.13 0.17 0.55
µr′ (PAS) µr′−i′ (PAS) 0.30 0.08 0.487 0.02 -0.09 0.75
µg′−r′ (EP) vrot 0.359 0.03 0.37 0.05 0.19 0.65
µg′−r′ (PAS) vrot 0.19 0.25 0.27 0.23 0.13 0.65
µg′−r′ (EP) M -0.14 0.43 -0.13 0.52 -0.21 0.61
µg′−r′ (PAS) M -0.08 0.64 -0.13 0.56 -0.06 0.84
µr′ (EP) vrot -0.15 0.38 -0.22 0.26 0.26 0.53
µr′ (PAS) vrot -0.31 0.07 -0.38 0.08 -0.13 0.67
µr′ (EP) M 0.09 0.58 0.12 0.55 0.33 0.42
µr′ (PAS) M 0.21 0.22 0.34 0.13 0.40 0.15
Rf (EP) vrot 0.03 0.87 -0.04 0.84 0.36 0.39
Rf (PAS) vrot 0.04 0.82 -0.02 0.93 0.34 0.24
Rf (EP) M -0.19 0.26 -0.12 0.53 -0.10 0.82
Rf (PAS) M -0.17 0.32 -0.12 0.59 -0.10 0.74
Rf (EP) j 0.03 0.87 -0.04 0.84 0.36 0.39
Rf (PAS) j 0.04 0.82 -0.02 0.93 0.34 0.24
a/b h0 (EP) 0.06 0.75 0.14 0.48 -0.44 0.27
a/b h0 (PAS) 0.07 0.70 0.26 0.25 -0.34 0.23
a/b h1 (EP) -0.26 0.12 -0.23 0.24 -0.16 0.71
a/b h1 (PAS) -0.404 0.01 -0.22 0.33 -0.49 0.08
a/b Rf/hf (EP) 0.30 0.08 0.35 0.07 0.31 0.45
a/b Rf/hf (PAS) 0.349 0.04 0.37 0.09 0.36 0.20
a/b h0/hf (EP) 0.22 0.20 0.28 0.15 -0.01 0.98
a/b h0/hf (PAS) 0.32 0.06 0.35 0.11 0.06 0.85
Rf (EP) µg′−r′ (EP) 0.10 0.57 -0.01 0.97 0.62 0.10
Rf (EP) µr′−i′ (EP) 0.21 0.23 0.30 0.13 -0.12 0.78
Rf (PAS) µg′−r′ (PAS) -0.349 0.04 -0.35 0.11 0.09 0.75
Rf (PAS) µr′−i′ (PAS) 0.05 0.79 0.20 0.37 -0.10 0.73
hf (EP) Rf/hf (EP) -0.515 0.00 -0.449 0.02 -0.17 0.69
hf (PAS) Rf/hf (PAS) -0.632 0.00 -0.441 0.04 -0.37 0.19
Table 6.4: Correlation tests for the various variables. The ρ stands for the Pearson
correlation coeﬃcient. The null-hypothesis is tested with p, where values of p < 0.05
indicate a signiﬁcant correlation. These have been highlighted in the table.
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6.B Plots for Individual Galaxies
The following ﬁgures demonstrate the surface photometry for a selection of
the galaxies from our sample. We refer to the paper for the proﬁles of all
galaxies. The left image of the top row always shows an image of the deep
background. The region between the two red ellipses (one and two times the
trust radius Rtrust) is used to estimate the background level. The top-right
panel demonstrates the inner parts of the galaxy. The red ellipse is the same
ellipse as the inner ellipse on the top-left panel and denotes the trust radius
Rtrust in which we have derived the PAS proﬁles. The white ellipse shows the
ellipse in which we have measured the EP proﬁles. Bottom panel shows all
proﬁles for the g′, r′ and i′ bands. The top set of curves are based on the PAS
photometry. From top to bottom the set of curves is for the i′, r′ and g′ bands.
Note that the PAS has units of mag/arcsec. We have chosen the vertical oﬀset
such that the reader can easily compare with the other parameters. The
bottom set of curves are from the EP photometry. The black curves are the
r′ ellipse proﬁles from Pohlen & Trujillo (2006). The vertical dashed lines
represent the outermost radii for the PAS and EP ellipses. The horizontal
dashed lines show the one-sigma noise levels of the background.














































Figure 6.13: IC 1067: PAS is using the lower right and upper right quadrants.
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Figure 6.14: IC 1125: PAS is using all quadrants.










































Figure 6.15: IC 1158: PAS is using all quadrants.
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Figure 6.16: NGC0450: PAS is using the lower left, lower right and upper right
quadrants.
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Figure 6.17: NGC0853: PAS is using the lower left and upper right quadrants.
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Figure 6.18: NGC3631: PAS is using all quadrants.
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Figure 6.19: NGC3642: PAS is using all quadrants.
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7
Stellar Disk Truncations and Extended Halos in
Face-on Spiral Galaxies
S.P.C. Peters, P.C. van der Kruit, J. H. Knapen, I. Trujillo,
J. Fliri and M. Cisternas
We use combined g′, r′ and i′ data from the IAC Stripe82 Legacy
Project to study the surface photometry of 22 nearby, face-on to
moderately inclined spiral galaxies. The reprocessed and co-added
Stripe 82 imaging allows us to probe the galaxies down to 29-30
r′-magnitudes/arcsec2 and thus reach into their very faint outskirts.
Truncations are found in three galaxies. An additional 15 galaxies
are found to have an extended starlight-like halo. In a test with
three galaxies, at least 65% of the light in these starlight-like halos
was due to scattered light from the galaxies themselves, and in one
extreme case the halo was almost completely due to scattered light.
The presence of these halos and truncations is mutually exclusive,
and we argue that the presence of a PSF scattered-light halo can
hide a truncation in most galaxies. We also ﬁnd that the onset
radius of the starlight-like halo and the truncations scales tightly
with galaxy size.
In preparation.
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7.1 Introduction
Truncations in edge-on stellar disks were discovered by van der Kruit (1979),
who noted that the radial extent of these galaxies did not grow with deeper
photographic exposures. Truncations are very sharp, occurring with scale
lengths of less than one kpc and are typically located at four to ﬁve times
the exponential scale length of the inner disk (van der Kruit & Searle 1981a,b,
1982a; Fry et al. 1999; de Jong et al. 2007; Barteldrees & Dettmar 1994; Kregel
et al. 2002b). From a recent extensive analysis of 70 edge-on galaxies in the
near-IR, taken from the Spitzer Survey of Stellar Structure in Galaxies (S4G),
Comerón et al. (2012) concluded that about three out of four thin disks are
truncated.
While truncations in edge-on galaxies have been observed for the last 35 years,
their face-on counterparts remain elusive. This is in part due to shorter line-
of-sight integration through face-on and moderately inclined galaxies. Due to
this, the expected surface brightness at four scale lengths is about 26B-mag
arcsec2, only a few percent of the dark sky. Pohlen & Trujillo (2006) studied a
sample of 90 moderately inclined, late-type systems through ellipse ﬁtting of
isophotes in Sloan Digital Sky Survey (SDSS) data, and a similar study was
performed by Erwin et al. (2008) on 66 barred, early-type galaxies. Pohlen &
Trujillo (2006) identiﬁed 14 galaxies with truncations. This result has been
disputed by van der Kruit (2008), who argues that these are in fact breaks
similar to those found by Freeman (1970). The view of breaks and truncations
as two separate features was conﬁrmed by Martín - Navarro et al. (2012). In
a study of 34 edge-on spiral galaxies, they found that innermost breaks occur
at ∼8± 1 kpc and truncations at ∼14± 2 kpc.
Another reason for the elusiveness of face-on truncations is the lopsided nature
of spiral galaxies at faint levels. This is clearly demonstrated by the m = 1
Fourier component of surface brightness maps (Rix & Zaritsky 1995; Zaritsky
& Rix 1997; Zaritsky et al. 2013) and in polar-projected contour maps (Pohlen
et al. 2002). In face-on galaxies like NGC628, an isophotal map shows that
the outer contours have a much smaller spacing than the inner ones (Shostak
& van der Kruit 1984; van der Kruit 1988). Due to the lopsided nature of
these galaxies, the typical method of ﬁtting ellipses to the proﬁle will smooth
out any truncations. Peters et al. (submitted 2014, e.g. Chapter 6) devised
two alternative methods to derive radial proﬁles. The techniques are promis-
ing. However, they were hampered by the limited sky brightness of the SDSS
images. This did not lead to the detection of any truncations.
In ΛCDM cosmology, galaxies build up hierarchically, with small objects merg-
ing under their mutual gravity to form ever-larger objects, leading up to the
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structures we see today (White & Rees 1978). The lopsided outer edges of spi-
ral galaxies are caused by tidal interactions and in-fall from these structures.
Stellar halos are remnants of this merger process, a graveyard of long-gone
galaxies. Faint stellar halos have been successfully detected around some spi-
ral galaxies. This was done by resolving the individual stars, using very deep
observations, for example, those obtained using the Isaac Newton Telescope
by Ferguson et al. (2002), or the Hubble Space Telescope by Monachesi et al.
(2013). Using surface photometry, Bakos & Trujillo (2012) found that at very
faint levels the radial proﬁles of seven disk galaxies indicate the presence of a
stellar halo at levels of 29 to 30 r′-mag/arcsec2, but they found no evidence for
truncations. They argue that these halos may prevent the detection of trunca-
tions in the radial proﬁles of face-on galaxies. Recently, Martín-Navarro et al.
(2014) used a theoretical model to demonstrate that a stellar halo can indeed
outshine a truncation in a face-on galaxy.
The aim of this chapter is to detect truncations and stellar halos in surface
photometry, using data for a sample of face-on and inclined spiral galaxies
available in the new IAC Stripe 82 Legacy Project (Fliri & Trujillo 2014, in
preparation). This project is a careful reprocessing of the SDSS Stripe 82
data, improving over the regular SDSS data by ∼2 magnitudes. This allows
us to trace the proﬁles down to ∼29 − 30 r′-mag/arcsec2, a depth which few
studies have reached before (e.g. Zibetti & Ferguson 2004; Zibetti et al. 2004;
Jablonka et al. 2010; Bakos & Trujillo 2012; Trujillo & Bakos 2013). We use
four diﬀerent photometric techniques to analyze the data, the classical ellipse
ﬁtting routines, the Principle Axis Summation (PAS) and Equivalent Proﬁles
(EP) from Peters et al. (2014) and a new technique called Rectiﬁed Polar
Proﬁles, introduced here. We ﬁnd that using these techniques, we can indeed
identify both halos and truncations in galaxies.
The remainder of this chapter has the following outline. In Section 7.2, we
describe the sample and the data reduction. Section 7.3 introduces the various
photometric techniques we used. The results are presented in Section 7.4,
followed by a discussion in Section 7.5. We summarize the results in Section
7.5.6. The results for the individual galaxies are presented in Appendix 7.A.
7.2 Galaxy Sample
7.2.1 Sample Selection
The goal of our project is to derive stable, extremely deep surface photometry
of face-on to moderately inclined disk galaxies. Our initial sample consisted
of all galaxies in the SDSS Stripe 82 sample with a diameter larger than one
arc-minute. This set consists of 177 elliptical, irregular, face-on and edge-on
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Figure 7.1: Histogram of the distribution of Hubble types for the sample. The left
black bars shows the distribution for the 54 initial disk galaxies that were retrieved.
The right red bars show the distribution of the ﬁnal 22 galaxies used in our analysis.
Classiﬁcation based on the primary listing in NED.
disk galaxies.
The SDSS jpeg color images for each galaxy were downloaded using the Find-
ing Chart Tool1. Each image was visually inspected for type, possible signs of
distortions, mergers and nearby objects, which might cause problems on the
photometry. We accepted those face-on to moderately inclined disk galaxies
for which we found no potential issues, in total these were 54 galaxies. These
galaxies were then retrieved from the IAC Stripe 82 Legacy Project pipeline.
The images were again visually inspected for any form of distortion, nearby
objects and possible issues at the sky-levels. This left us with a ﬁnal sample
of 22 galaxies, for which we are conﬁdent of the extracted surface photometry
up to 29-30 r′-mag/arcsec2. The primary properties of this sample are shown
in Table 7.1. We show the distribution of Hubble types in Figure 7.1.
7.2.2 Image Reduction and Calibration
The IAC Stripe 82 Legacy Project (Fliri & Trujillo 2014, in preparation) pro-
duces coadds of the whole Stripe 82 data set using an automated co-addition
pipeline. The pipeline queries all available data from the SDSS archive, aligns
them photometrically and calibrates them to a common zero-point using cal-
ibration tables provided by SDSS for each image. Accurate values of the
sky background are determined on object-masked images and subtracted from
the calibrated images. Images with large sky backgrounds, notable sky gra-
dients, large PSF widths and images aﬀected by clouds or taken under bad
transparency conditions are removed from the ﬁnal stack. Finally, all images
1 http://cas.sdss.org/dr7/en/tools/chart/chart.asp
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Galaxy Type Mapp Mabs vrad [km/s] D [Mpc] i [◦] vrot [km/s] R25 [kpc]
IC 1515 Sb 14.4 -20.9 6665 86.4 26.8 221.9 19
IC 1516 Sbc 14.2 -21.2 7282 94.4 17.6 152.5 30
NGC450 SABc 12.8 -19.7 1761 19.0 45.5 102.9 9
NGC493 Sc 13.0 -20.8 2341 25.7 72.9 125.4 15
NGC497 SBbc 13.8 -22.4 8143 89.4 65.4 273.6 32
NGC799 SBa 14.2 -20.7 5918 95.2 28.9 233.4 30
NGC856 Sa 14.2 -20.8 6015 78.3 38.0 230.9 21
NGC941 SABc 13.0 -19.1 1607 27.3 44.7 88.9 13
NGC1090 Sbc 12.6 -21.2 2758 33.8 64.4 158.1 18
NGC7398 Sa 14.8 -19.9 4732 67.5 48.4 191.4 18
UGC139 SABc 14.5 -20.1 3959 56.7 64.6 152.1 20
UGC272 SABc 15.2 -19.4 3899 59.2 67.2 107.9 15
UGC651 Sc 16.1 -19.4 66.8 68.9 12
UGC866 Sd 15.6 -17.6 1726 26.2 71.2 57.4 6
UGC1934 Sbc 15.5 -22.0 12275 164.8 74.7 255.3 35
UGC2081 SABc 15.0 -18.4 2615 43.2 54.7 95.6 14
UGC2311 Sb 14.1 -21.5 7119 94.5 30.9 162.5 23
UGC2319 Sc 15.5 -20.9 7027 98.8 72.8 167.0 21
UGC2418 SABb 15.1 -20.8 6867 96.6 46.7 143.1 20
UGC12183 Sbc 15.5 -19.9 4665 58.2 54.8 110.3 10
UGC12208 Scd 15.2 -18.8 39.9 42.8 8
UGC12709 SABm 14.4 -19.1 2682 31.7 51.8 70.6 12
Table 7.1: Sample properties. Morphological type, apparent magnitude Mapp, abso-
lute magnitude Mabs, radial velocity vrad and maximum rotational velocity vrot from
HYPERLeda (Paturel et al. 2003). Distance D from NED. Inclination i and R25 this
work.
passing the selection criteria are re-gridded onto a ﬁeld of view of 0.25 square
degrees and median-combined by SWarp (Bertin et al. 2002). A ﬁrst data re-
lease covering 120 square degrees of co-added data is available for download at
http://www.iac.es/proyecto/stripe82 . Compared to this nominal data
release the co-added images produced for this project are considerably smaller
in size (100 compared to 900 square arcminutes), and the images have been
centered on each of the target galaxies to facilitate the proﬁle extraction.
The co-added images are calibrated to a zero-point aa = −24mag, and are
already corrected for airmass and extinction. With an area dS = 0.396′′×0.396′′
of each pixel in SDSS and an exposure time of 53.907456 s, the conversion from
counts to magnitudes can be performed by using Equation 7.2:
µ0 = −aa+ 2.5 log10 (exptime× dS) , (7.1)
mag = −2.5 log10 (counts) + µ0 . (7.2)
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Figure 7.2: Overview of the background modelling process for the galaxy NGC941.
Top left: the original image with objects masked. Top right: the model created for the
sky, excluding the galaxy. Lower left: the sky model including the galaxy. Lower right:
the ﬁnal image with the sky model subtracted from the observation. In all ﬁgures, the
colorbars run from -1.0 to 1.0 ADU. Horizontal and vertical axes are in pixels (one
pixel = 0.396′′). North is right, east is bottom.
Since the mosaicking process leaves the various bands at exactly the same
position, combining the g′, r′ and i′ images is simply a matter of taking the
average of the three. We do this to increase the signal-to-noise ratio and thus
to extend our analysis further out in the galaxies. Combining the three bands
is destructive to the calibration process and we thus need to recalibrate the
data. We measure ellipse proﬁles on both the original r′ and new combined
images. We ﬁnd the new calibration zero-point µ0 of the co-added proﬁles by
shifting the proﬁles up or down, until they align with the calibrated r′-band
proﬁles.
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7.2.3 Object Masking and Background Treatment
Any study of surface photometry requires a careful removal of background
and foreground objects. At the 29-30 r′-mag/arcsec2 depth we aim to reach
in the case of the IAC Stripe 82 Legacy Project, bright stars far outside the
frame can still contribute ﬂux. We therefore need to model and remove this
contamination.
As a ﬁrst step, a smoothed and stacked version of the various bands was
inspected and object masks were deﬁned by hand. By repeating this process
multiple times, we were able to remove all faint background sources from
the image carefully. At this stage, an elliptical mask was deﬁned for which
we were certain that it comfortably covered the entire galaxy. The remaining
background was then modelled using the following method. Around each pixel
that was not part of an object mask and not in the galaxy mask, a 21×21 pixel
(∼ 8.3′′ × 8.3′′) box was deﬁned, from which we selected a sample of all pixels
not part of any mask. A sigma-clip of 2.5σ was run over this sample, after
which the background value was measured as the median of the remaining
pixels. By repeating this process for each pixel, a map of the large-scale
structure in the background was created. In this background model, we then
selected a 50 pixel wide ring around each galaxy mask, to which we ﬁt a 2D
linear plane. This plane was extrapolated to model the background inside the
galaxy mask. The complete background model was subsequently subtracted
from the original image. We demonstrate the background subtraction process
in Figure 7.2.
Our next step was to measure the uncertainty and noise. This was done
on the original combined data, using the same mask as the one used in the
background-modelling step. There were always over 200.000 pixels used in
the measurement. We use the Python package scipy.stats.bayes_mvs to
perform a Bayesian estimation of the conﬁdence in the mean and the standard
deviation (Oliphant 2006). The uncertainty is based on the average conﬁdence




We use the IRAF package stsdas.ellipse (Jedrzejewski 1987b; Busko 1996) to
extract ellipse proﬁles from the data. In a ﬁrst pass, the package was allowed to
run with the position angle and inclination as free parameters. This was done
to get the best estimates for the various parameters. We use the innermost
ellipse for the exact position of the center of the galaxy. The position angle and
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inclination were measured from the 25th magnitude ellipse, where we deﬁne
the inclination as i = arccos(b/a), using major and minor axis a and b. This
also gives us the ellipticity e. In the second pass, the central position, position
angle and inclination were ﬁxed and the method was run again to produce the
ﬁnal radial proﬁles.
7.3.2 Equivalent Proﬁles
The original method of deriving the photometry of galaxies was the use of
Equivalent Proﬁles (de Vaucouleurs 1948). The modern-day version of the EP
methods was introduced by Peters et al. (2014, e.g. Chapter 6), in an attempt
to understand the reliability of the ellipse proﬁles. Compared to the latter, EP
works in a fundamentally diﬀerent way. Rather than taking a radius R and
measuring a corresponding average surface brightness µ(R), this method works
in the opposite direction. Starting with the lowest magnitude in the image
and working up from there, for each magnitude it counts the number of pixels
N that are equal to or brighter than the current magnitude. We make the
reasonable assumption that the galaxy forms an ellipse on the sky, with a shape
based on the 25th magnitude parameters from the ellipse method in Section
7.3.1. Since each pixel covers a small surface on the sky of 0.396′′× 0.396′′, we
can use the total amount of pixels N belonging to brightness µ to estimate a
total surface S and from there use the ellipse to estimate an equivalent (major
axis) radius R.
Peters et al. (2014) extensively tested the technique on a sub-sample of 29
galaxies deﬁned previously by Pohlen & Trujillo (2006), and found that the
results produced by the EP and ellipse methods are remarkably similar. At
magnitudes near the pixel-to-pixel noise, EP tends to go wrong as it includes
noise peaks into the equivalent radius. Peters et al. (2014) set out to include
adaptive smoothing and masking of the background to avoid this problem, but
overall the method was found to work reliably only above the pixel-to-pixel
noise limit.
In this work, we rotate and center the original image, based on the positioning
as measured using the ellipse proﬁles in Section 7.3.1. We deﬁne an elliptical
mask with a trust radius Rtrust set by eye, beyond which the data are set to
blank. Similar to Peters et al. (2014), we again plot our proﬁles out to the
radius where over- or under-subtracting the data by two times the uncertainty
leads to a deviation of more than 0.2 magnitudes, compared to the original
proﬁle.
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Figure 7.3: A truncation in the edge-on galaxy UGC2584. The lower, blue curve
shows the r′-band surface brightness measured in a strip along the central plane of the
galaxy. The top, red curve shows the PAS proﬁle for this galaxy in arbitrary units. As
can be seen clearly from the ﬁgure, the truncation is visible in both methods, starting
at R ≃ 30′′ and 15 kpc. The dashed, grey line represent the pixel-to-pixel noise.
7.3.3 Principle Axis Summation
In an attempt to recognize the truncations seen in edge-on galaxies with re-
spect to face-on galaxies better, Peters et al. (2014, e.g. Chapter 6) developed
the PAS method. The PAS method has been developed to project face-on
galaxies into edge-on galaxies, in the hope that features similar to truncations
appear. While the method itself was successful, true truncations remained
elusive, due to the much shallower nature of the original SDSS data (Peters
et al. 2014).
Similar to the EP, we again rotate and center the image, after which we apply
the same elliptical blanking mask at trust radius Rtrust. The PAS method then
partitions the galaxy into four quadrants. Quadrants with visible problems,
for example a foreground star, were removed. Each quadrant is then summed
onto the major axis, after which the main proﬁle is formed by the median of
the accepted quadrants. A dynamic binning algorithm is applied to ensure
that the proﬁle has a signal-to-noise ratio of at least two.
The uncertainty in each point is diﬀerent, due to the varying number of pixels
involved in the sum. Similar to Peters et al. (2014, e.g. Chapter 6), for each
point, we repeat the PAS technique many times on randomly drawn samples
from the set of background pixels deﬁned in Section 7.2.3, which gives a good
estimate of the uncertainty.
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To demonstrate the eﬀect of PAS and the way we expect truncations to ap-
pear in face-on galaxies, we have applied the method to the edge-on galaxy
UGC2584, for which the data are also available in the IAC Stripe 82 Legacy
Project, and which we have reduced in the exact same ways as the face-on
galaxies in this sample. The PAS results are shown as the red (top) curve in
Figure 7.3, whereas the blue (lower) curve demonstrates the surface brightness
measured along the central plane of the galaxy. It is clear that a truncation
is visible at a radius of 15 kpc, evident from both methods.
As noted in Peters et al. (2014, e.g. Chapter 6), the PAS proﬁles have units
of magnitudes/arcsec, as the minor axis summation can reach higher values
in nearby galaxy with large apparent sizes. The result of this is that while
the proﬁle itself is reliable, its vertical oﬀset and extent compared to the other
proﬁles varies. For the sake of comparison, we therefore choose to ﬁx the
central brightness as seen from the PAS at one magnitude lower than the
central brightness as measured from the ellipse proﬁles.
7.3.4 Rectiﬁed Polar Plots
One possible reason that truncations in face-on galaxies are elusive is that
galaxies do not remain circularly symmetric, but become ragged or lopsided
towards the faint outskirts. This was emphasized by van der Kruit & Freeman
(2011), after Pohlen et al. (2002) demonstrated the isophotes of the galaxy
NGC5923 in polar coordinates (their Figure 9).
Here, we will continue and expand upon the work by Pohlen et al. (2002).
First, we project all galaxies into polar coordinates. We note that the outskirts
of most galaxies indeed suﬀer from irregularities, which would be cancelled out
in any ellipse-averaging scheme.
We therefore attempt to ‘rectify’ the polar plots, such that the outer radii
become well behaved. A boxcar smoothing was applied to the data, such
that in the azimuthal direction the data are smoothed by a window of length
15◦. We deﬁne rectiﬁcation various target brightness levels, such as 25 r′-
mag/arcsec2. Along each stripe of ﬁxed azimuth in the smoothed image, we
measure the ﬁrst crossing of this rectiﬁcation target brightness. The median
over all azimuths of this ﬁrst crossing radius yields a target rectiﬁcation radius.
Each stripe of ﬁxed angle of the original image is then stretched or compressed,
such that the radius of the ﬁrst crossing as seen in the smoothed image matches
the target rectiﬁcation radius.
To deal with problems in the image, the polar plot is partitioned into 12
azimuthal stripes. In cases where the stripe suﬀered from issues, for example
due to masking, the entire stripe was excluded from the analysis.
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In the ﬁnal combined ﬁgure, as seen in Section 7.A, we plot the rectiﬁed polar
plots for rectiﬁcation target brightness levels of 25, 26 and 27 r′-mag/arcsec2.
We also show the original and rectiﬁed polar plots for each galaxy, such as for
example in Figure 7.12.
7.4 Results
7.4.1 Measurement Strategy
We only present a selection of proﬁles in this thesis. We refer the reader to
the on-line version of the paper for the complete selection.
Each set of proﬁles was inspected for the presence of breaks, truncations and
halos. We classiﬁed a feature as a break when there is a signiﬁcant change in
scale length inside and outside the radius of the feature. In almost every case
the break can be associated directly with a feature in the galaxy, such as a
bulge, bar or spiral arm. Breaks often occur in the inner, brighter parts of the
galaxy, well above the pixel-to-pixel noise, and as such, they are visible in all
four types of proﬁles. The rectiﬁed polar proﬁles are intended for detecting
truncations. We classiﬁed truncations at the outer limits of the proﬁles, when
the proﬁle suddenly ends and drops towards the sky. Halos are the opposite
of truncations; when rather than steepening, the proﬁle becomes less steep.
Halos should be visible in both the rectiﬁed polar proﬁles and in the ellipse
proﬁles. As we expect truncations and halos to occur at the outer edges of
the proﬁles, deep below the pixel-to-pixel noise, the PAS and EP methods are
not used.
To ensure unbiased results from the data, our team split up into groups. Each
group went through all of the proﬁles and classiﬁed what they believed to be
breaks, truncations and/or halos. After that, we joined up again to discuss
our ﬁndings and agree on any diﬃcult cases.
We then set out to quantify our results by measuring the parameters of each
feature. We deﬁned ﬁt-regions to the proﬁle on both sides of a feature (shown
in Table 7.5). In each of these regions we have a set of radii R and observed
surface brightness levels µobs(R), to which we ﬁt a linear relation with scale
length h and central brightness µ0 at R = 0 of form




Because we are working in magnitudes, the noise σ in the proﬁle is not con-
stant. We therefore give the ﬁtting algorithm the freedom to estimate the
noise by itself, in a method inspired by the use of the jitter parameter in Hou
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et al. (2012). We assume that the probability density p for parameters µ0 and












where RN is the collection of all measurements at positions Ri in the ﬁtting
region. The log-likelihood ln p is then



















where we drop the 2pi term as it is only a constant and does not inﬂuence the










We initially performed a maximum likelihood ﬁt to χ2, using the Python
routine scipy.optimize.leastsq. After we had achieved a proper maximum
likelihood, we switched to a Markov-Chain Monte-Carlo (MCMC) sampler,
emcee, to estimate the posterior likelihood distribution ln p and the distribu-
tion in each of the parameters (Foreman-Mackey et al. 2013). We used 300
separate walkers, which after a burn-in period of 50 iterations, sample the
data for 500 iterations, giving 135000 samples. For each parameter, the me-
dian value (50%) of that parameter distribution is used as the reported value,
while the upper and lower errors are reported based on the 16% and 84% parts
of the distribution. The radii of the breaks and truncations were calculated
using the intersection of both sets of samples, with the error derived in the
same way as before. This method was also used to calculate the brightness µ,
which is the brightness of the proﬁle at the onset of that feature at position
R. We demonstrate this in the left panel of Figure 7.4.
This method was insuﬃcient for the halo, as the halo lies ‘on top’ of the regular
stellar disk proﬁle. We thus ﬁt the combined proﬁle of both the stellar proﬁle
(µ0,s, hs) and the halo (µ0,h, hh). For this, we used the combination of both
ﬁtting regions, as well as the region between these two. The combined proﬁle
is given by












































Figure 7.4: Left panel shows the ﬁtting of the proﬁle of IC 1515 in three diﬀerent
sections, for a break and a halo. The red vertical lines denote the estimation of the
position R and uncertainty for each feature. The green horizontal lines show the
central position and errors on the brightness µ. The vertical black lines show the
outer boundaries of the ﬁt regions. The right panel shows the improved ﬁt to the halo.
See the text for more details.
We used the parameters from the individual line segment ﬁts as initial val-
ues and again performed the subsequent MCMC analysis using emcee. The
brightness µ of the halo onset was calculated from the brightness of only the
halo, rather than from the combination of halo and stellar disk. We demon-
strate the new combined ﬁt in the right panel of Figure 7.4.
The total luminosity of the galaxy Ltotal was measured by integrating the




2piR(1− e)10−0.4µobs(R) dR . (7.9)
The ellipticity term e is used to correct for the inclination. The total luminosity
(R→∞) of the ﬂattened halo Lhalo is
Lhalo = 2pih2h(1− e)10−0.4µ0,h . (7.10)
Here h and µ0 are the scale length and central brightness as measured for the
halo. We are interested in what fraction η of the total luminosity originates
from the halo. Because Lhalo as deﬁned in Equation 7.10 runs to inﬁnity, while






Ltotal [R ≤ Rtrust] + Lhalo [R > Rtrust] [R→∞] , (7.12)
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where we assume that the only light beyond Rtrust originates from the halo
component, such that





(hh +Rtrust) [R > Rtrust] . (7.13)
The radii and brightness levels µ for the breaks, halos and truncations are
shown in Table 7.2, the measured scale lengths are shown in Table 7.3 and the
halo light fractions η are shown in Table 7.4.
7.4.2 Notes on Individual Galaxies
The vast majority (91%) of our sample shows some form of break in their
light proﬁle. These can be “classical” breaks (86%), and/or truncations (14%)
at much lower surface brightness levels, with only NGC 856 and UGC 866
showing no indication of a break or a truncation. The most distinct truncation
in the sample is seen in UGC 12208 (Figure 7.15). Only NGC799 has a pure
exponential disk.
IC 1515, IC 1516, and NGC799 have the lowest inclinations of the sample.
Between the three of them, breaks, halos, and truncations have all been de-
tected, explicitly showing the feasibility of detecting these features in face-on
galaxies. Conversely, all the highly inclined (i>70 deg) galaxies of our sample
(NGC493, UGC651, UGC866, UGC1934, and UGC2319), of them feature
starlight like halos yet none displays a truncation.
Four galaxies from our sample overlap with the sample of Pohlen & Trujillo
(2006). For NGC450, NGC941, and UGC12709 both studies agree on the oc-
currence of a break as well as the radius at which it is observed. For UGC2081,
there is a disagreement; we did not detect the break they ﬁnd at 53′′. This
galaxy was also analyzed by Bakos & Trujillo (2012), who report a break at
66.5′′ from r′-band proﬁles, while we report 71′′. The diﬀerence in the break
radius among these studies could be attributed to diﬀerences in the adopted
ellipticity to derive the proﬁles.
Further agreement with the literature is found for the barred spiral UGC2311.
The break found at 37′′ is broadly consistent with Bakos & Trujillo (2012),
who report it at 42′′. Additionally, NGC941 was also analyzed by Muñoz-
Mateos et al. (2013) in the mid-infrared at 3.6 µ, where they report a break
at 80′′, while we report 61′′.
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7.5.1 Comparing the Various Techniques
We have used four diﬀerent methods to analyze the proﬁles. Ellipse proﬁles
have a well-established history and set the standard for surface photometry.
The EP and PAS methods were introduced by Peters et al. (2014, e.g. Chapter
6). The EP is found to reproduce similar results as ellipse ﬁtting in bright
regions of the galaxy, but suﬀers more from background noise. The PAS
method was developed as a way to project face-on galaxies to edge-on in order
to detect truncations. The PAS method was found by Peters et al. (2014) to
create a diﬀerently shaped proﬁle. However, using these new proﬁles Peters
et al. (2014) were unable to reproduce the correlations seen in the edge-on
sample of Martín-Navarro et al. (2012), and so argued that no real truncations
had been detected in the Peters et al. (2014) sample. In the current chapter,
we introduce a fourth method, rectiﬁed polar proﬁles, inspired by the earlier
work by Pohlen et al. (2002).
The images analyzed in this chapter are two magnitudes deeper than the de-
fault SDSS images. The eﬀect of this is clearly noticeable on the EP and PAS
methods. These now extend to further radii and fainter surface brightness
levels, although the pixel-to-pixels noise remains the limiting factor. As pre-
viously seen in Peters et al. (2014), the ellipse method remains superior at
faint brightness levels, as the averaging over large areas allows it to measure
reliably the proﬁle below the pixel-to-pixel noise level. Similar to this, the
polar rectiﬁed proﬁles also average over large areas and can thus reach the
same limiting brightness levels.
Comparing the polar and ellipse proﬁles directly, we note that the results are
often similar. This is expected, as non-rectiﬁed polar proﬁles are eﬀectively
the same as ellipse proﬁles. At faint brightness levels, the outer edges of
galaxies are clearly wobbling, as previously noted by Pohlen et al. (2002). It
was postulated by van der Kruit & Freeman (2011) that these local variations
are important when hunting for truncations. Our work here demonstrates this,
as can be observed in Figure 7.12, where the ellipse proﬁle displays a bump
in the proﬁle, yet the rectiﬁed polar plots show that the proﬁle is actually
dropping towards the sky at a constant rate.
In conclusion, we ﬁnd that the PAS and EP methods are ill suited for the de-
tection of truncations. They should only be used in brighter parts of galaxies.
Rectiﬁed polar and ellipse proﬁles are on par in terms of the limiting mag-
nitude. The rectiﬁed polar proﬁles demonstrate that it is important to take
the ragged or lopsided nature of galaxies into account, as the ellipse method
is averaging these features out.
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7.5.2 Possible PSF Eﬀects
As argued by de Jong (2008) and Sandin et al. (2014), the point spread func-
tion (PSF) in SDSS images can lead to a signiﬁcant contribution of scattered
light in the outer regions of galaxies. This is in particular true for highly in-
clined objects, where the minor axis is much shorter than the major axis, and
light from the inner parts of a galaxy can thus be scattered to larger projected
radii more easily. We are typically reaching the 29-30 r′-mag/arcsec2 depth
in our proﬁles. What is the eﬀect of the point spread function at these depths
on the proﬁles? To test this, we will generate synthetic galaxies based on the
ﬁtted scale lengths of IC 1515, NGC493 and UGC866. These galaxies have
been selected based on their size and inclination; together they represent a
cross-section of the various types of galaxies in this sample. We ﬁrst create a
synthetic proﬁle based on the inner and outer scale lengths, but do not include
the halo component. As we have not modelled the bulge, the innermost part
of the synthetic proﬁle is based on the actual observed proﬁle. We do not
include the halo. Using a simple code, we synthesize three new images based
on the synthetic proﬁles.
The PSF has been very carefully build using well over 10000 stars observed
in various g′, r′ and i′ averaged images, using the SExtractor and PSFEx
tools. We demonstrate the radial proﬁle of the 2D PSF in the bottom-right
panel of Figure 7.5. This allows us to measure the PSF up to a radius of 177”.
The PSF images were convolved with the synthetic image using the Astropy
package (Astropy Collaboration et al. 2013). We ran ellipse on both the
original and convolved synthetic image to extract their proﬁles.
The results are shown in Figure 7.5, along with the PSFs and the original
observed proﬁle. We measure the contribution of light due to the PSF and
the stellar halo, by integrating the convolved (red dashed lines) and the ob-
served (black dots) proﬁles in that region, e.g. L = ∫ R1R0 2pi R 10−0.4µ(R) dR.
We remove the contribution of light by the galaxy, by subtracting the initial
model (solid blue lines) in that region from both the convolved and observed
brightness L. The fraction of PSF light contribution to the observed stellar
halo is subsequently calculated by dividing the convolved over the observed
brightness. These fractions are superimposed on the ﬁgures. The worst contri-
bution is in face-on galaxy IC 1515, where the PSF alone is responsible for 97%
of the light observed in the halo. In the other galaxies, the PSF contributes
77% in the case of NGC493, and 65% in the case of UGC2418.
It is thus clear that a signiﬁcant amount of light in the halo is due to the
PSF, as predicted by de Jong (2008) and Sandin et al. (2014). In some cases,
such as IC 1515, the halo light could be almost solely due to the PSF, while
in others it could account for at least half the halo light. We will discuss this
7.5: Discussion 233





















































































Figure 7.5: Test whether the PSF can create an artiﬁcial halo. Beyond R = 177”
the proﬁle has been extrapolated, using a slope of R−2. Shown are the measured ellipse
proﬁles for three galaxies from our sample (black dots). Using the observed proﬁle for
the inner part to account for the bulge, plus the derived inner and outer scale lengths
beyond the bulge, and neglecting the observed stellar halo, we synthesize an artiﬁcial
galaxy at the proper inclination. This synthetic image is measured with ellipse proﬁle
(shown with solid blue line). The synthetic image is then convolved using the observed
PSF and measured with ellipse proﬁles (dashed red lines). The PSF is shown as
the innermost solid green line, which is scaled to the same vertical maximum. The
dashed vertical lines show the region in which we measure the PSF light contribution.
The contribution of the PSF to the total light in this region is superimposed on each
image. The full dynamic range of the PSF is demonstrated in the last panel. The
green curve is the 1” running median of these values. The dashed vertical line denotes
the transition between the unsaturated stars PSF and the extrapolated region.
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further in the following sections.
7.5.3 Correlations
We have performed a wide range of tests on the various parameters associ-
ated with the galaxies to look for possible correlations. An overview of all the
correlations, or lack thereof, is presented in Figure 7.6. We have found no cor-
relation of either the radius of the feature or its brightness at that radius, with
morphological type, apparent or absolute magnitude, radial velocity, distance,
inclination, or maximum rotational velocity (see Table 7.1).
Our main, surprising, result is shown in Figure 7.8, where we show the radius R
of the various types of feature against the radius at the 25th magnitude, R25, of
its host galaxy. A couple of interesting things can be noticed from this ﬁgure.
First, there is a clear correlation of the break radius Rb with the size of the
galaxy, with a best linear ﬁt of Rb = 0.76R25. A second, diﬀerent correlation
is that of the radii of the halos and truncations, Rh and Rt, with host galaxy
size. Both features follows the combined linear relation Rh&t = 1.42R25 (see
Figure 7.8 for a larger version of this plot). Measured separately, the linear
ﬁts become Rh = 1.40R25 and Rt = 1.62R25. Table 7.2 illustrates this relation
between halos and truncations further. Halos and truncations are mutually
exclusive: a galaxy has either a halo or a truncation.
In Figure 7.7 we present an overview of the correlation of the halo light frac-
tion η with various other parameters of the galaxy. The halo light fraction
correlates most strongly with the position at which the halo starts to dominate
the proﬁle, expressed as R/h, and the brightness of the halo at that position
µ. These are unsurprising correlations, as a bright halo can be expected to
dominate a proﬁle at higher luminosities than a faint halo. More interesting is
the lack of correlation with ellipticity e and maximum circular rotation vrot of
the galaxy. The relative brightness of the halo does not depend on inclination
nor dynamical mass. The only other correlations are between the size R25 and
absolute brightness Mabs of the galaxy, and the halo fraction. Fainter and
smaller galaxies have the relatively largest halos.
7.5.4 Breaks
We postulate that the breaks we see well within the disks of our sample galaxies
occur in the general radial region where the star-forming spiral arms end. This
can be recognized rather clearly in individual galaxies when comparing the
radii of the breaks with the images of the galaxies, as shown in the appendix
ﬁgures. The fact that they are fundamentally diﬀerent from the breaks in the
proﬁles observed at much lower surface brightness levels, which we identify as





























































































































































































Figure 7.6: Overview of the correlations between various parameters. The absolute
magnitude is in the r′-band. The brightness of the feature µ is in r′-mag/arcsec2.
Where multiple features are shown together the halos are represented by green triangles,
the breaks with blue circles and the truncations with red pentagons.











































































Figure 7.7: Overview of the correlations with the fraction of the total light from the
galaxy that is emitted by the halo η. The absolute magnitude Mabs and the brightness
of the halo µ are both in r′-mag/arcsec2. The maximum rotation of the galaxy vrot
is in km/s. The ratio of the proﬁle scale length h to the radius of the halo R/h is
dimensionless.
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it is shown that these breaks occur typically at radii of around 2/3 of the
disk radius at 25 r′-mag/arcsec2, R25. Truncations occur systematically and
signiﬁcantly further out.
A similar distinction between breaks and truncations has been reported by
Martín-Navarro et al. (2012) from their study of highly inclined galaxies. The
results are not comparable in detail, because it is not clear how the end of
a star-forming spiral arm zone is observed in an inclined galaxy, where dust
obscuration and projection eﬀects will hinder direct observations. Neverthe-
less, the typical radii and surface brightness levels for the breaks found by
Martín - Navarro et al. (2012), of 7.9 kpc and 22.5mag arcsec−2, respectively,
are compatible with the values we ﬁnd here for face-on galaxies, 13.2±6.4 kpc
and 22.8 ± 2.8 r′-mag arcsec−2. Selecting all variations of type II proﬁles in
Pohlen & Trujillo (2006, Table 3), we ﬁnd an average of 9.5 ± 3.9 kpc, which
is again compatible.
We conclude from our work as presented here that breaks at a level of around
23 r′-mag/arcsec2 are very common in disk galaxies, and that in all cases there
is a steeper slope after the break. Such breaks are most likely due to changes
in the star formation properties. These occur as one changes from the regime
of actively star-forming spiral arms to more quiescent parts of the disk. They
may also be related to the star formation often occurring near the ends of a
bar, which can lead to a rise in the radial proﬁle, followed by a break as the
radius moves outside the bar regime. Note that evidence for a break should
not come from the rectiﬁed polar plots, but only from the ellipse ﬁtting or the
EPs.
In any case, we conclude that these disk breaks are unrelated to the trunca-
tions which we discuss elsewhere in this chapter, and which we claim are the
counterparts to the truncations reported since decades in edge-on galaxies.
Claims in the literature of truncations (as well as anti-truncations) in face-on
galaxies at or near the relatively high surface brightness levels identiﬁed here
with disk breaks should not be confused or identiﬁed with truncations, nor
should they be referred to as such.
7.5.5 Truncations
The criteria for the classiﬁcation of the features in the outer parts at fainter
levels than breaks are rather unambiguous. In order to test the presence of a
truncation we exclusively examined the rectiﬁed polar plots. Only in the case
of NGC799 do we see the proﬁles continue without any trace of a change in
slope. In most cases there either is a clear downturn of the radial luminosity
proﬁle –and then we identify that as a truncation– or the proﬁle ﬂattens oﬀ
and fades away into the noise quite slowly –the signature of a faint halo. The
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existence of a truncation need not be conﬁrmed by requiring that it also occur
in the other proﬁles. After all, the rectiﬁed polar plots were especially designed
to show these. It is true that in the PAS proﬁles, they should be present also,
but in practice, those proﬁles can never be traced out far enough to do this
conﬁrmatory test.
In most cases (15 out of the 22 galaxies), there is very clear evidence of a
change in slope in the proﬁles towards a slower decline with galactocentric
radius at faint levels. This we identify with faint starlight-like halos. By the
time the luminosity proﬁles of these halos can be identiﬁed the surface bright-
ness has fallen from 26.5 to 28 r′-mag/arcsec2 (see Section 7.5.6). Among the
remaining seven cases, there are four galaxies in which there is no indication
for a faint starlight-like halo and where the luminosity proﬁles show no evi-
dence for a downturn. Therefore, in these galaxies we have no indication for a
truncation. In the remaining three cases, we have been able to identify trun-
cations. Inspection of the polar plots suggests that the slopes and the surface
brightness of the changes are such that if these systems were seen edge-on,
they would show the same signature of a truncation as we indeed observe in
real edge-ons.
The most straightforward interpretation would be that most or almost all
galaxies have truncations, but that their presence in inclined or face-on views
is hidden by the presence of faint outer stellar halos, in the way proposed by
Bakos & Trujillo (2012) and Martín-Navarro et al. (2014). Another possibility
is that the halo is, for the most part at least, actually due to PSF scattered
light. In this case, the galaxy itself is hiding the presence of the truncation.
On the other hand, if the absence of a detectable halo is unrelated to the
presence or absence of a truncation then we are forced to conclude that three
out of seven disks are truncated. The best statement we can therefore make
is that in very general terms at least ±19% and of disks have truncations.
For edge-on systems, Kregel et al. (2002b) and Kregel & van der Kruit (2004)
found from a sample of 34 southern, edge-on spiral galaxies that at least 20
of these have radial truncations. The rest either have no truncations, or have
them at a level inaccessible for us now. We have vindicated the prediction
by Bakos & Trujillo (2012) that (spiral) galaxies usually –as judged from our
sample, two-thirds of all galaxies– have faint stellar halos that prevent the
identiﬁcation of a truncation.
7.5.6 Halos
A natural prediction of the hierarchical galaxy formation scenario is the ubiq-
uitous presence of stellar halos surrounding the galaxies (e.g. Eggen et al.























Figure 7.8: The correlation of the R25, indicative of the size of a galaxy, with the
various feature radii R. Red squares represent the truncations. Blue circles represent






















Figure 7.9: Dynamic mass of the galaxy, calculated as Mdyn = 2.326× 105R25v2rot,
with the halo light fraction η. Red points represent literature values.
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Steinmetz & Muller 1995). These extended and diﬀuse stellar components are
formed from the debris of disrupted satellites accreted along the cosmic time
(e.g. Bullock & Johnston 2005; Brook et al. 2003; Abadi et al. 2006).
In the local Universe, both based on integrated photometry (e.g. Bakos &
Trujillo 2012) and on stellar counts (see, e.g., Barker et al. 2012), the outer
regions of low-inclined disk galaxies (R > 10 kpc) are often characterized by
an exponential surface brightness decrement followed by an excess of light over
this exponential decay. This outer excess of light is located at R ≥ 20 kpc and
has surface brightness µR > 28mag arcsec−2. These faint surface brightness
levels are equivalent to the ones found in the literature using galaxies with
edge-on orientations at similar radial distances above the galactic planes. For
instance, the edge-on spiral NGC4565 has, along its minor axis, a surface
brightness of µ6660 = 27.5mag arcsec−2 (i.e., µR ∼ 28mag arcsec2 in the R-
band) at 22 kpc above the disk (Wu et al. 2002). Similarly, Jablonka et al.
(2010) found that the stellar halo of the edge-on disk NGC3957 has a surface
brightness of 28.5 mag arcsec−2 in the R-band at 20 kpc above the disk plane.
The similarity between these values in edge-on and face-on galaxies would
entice us to conclude that we are observing the same component of the galaxy,
i.e., their stellar halos.
However, we have demonstrated in Section 7.5.2 that for the three galaxies
tested, the PSF scattered light of the galaxies was at least responsible for 64%
of the observed halo. In the case of IC 1515, this number goes up to 97%;
making it very likely that here, the PSF scattering is solely responsible for the
observed halo. Further support for the importance of PSF scattering comes
from the relation between the fraction of light η in the halos and the total
dynamical mass of the galaxies (Figure 7.9). As can be seen in the ﬁgure, the
dynamical mass and halo light fraction are essentially uncorrelated. This is
at odds with numerical simulations, which predict that the fraction of mass
in stellar halos should increase with total stellar mass (Cooper et al. 2013).
As argued in Section 7.5.3, the smallest and faintest galaxies have the highest
halo light fractions η. As an aid to the reader, in Figures 7.10 and 7.11 we
demonstrate in two mosaics how the halo light fraction η increases in the
sample.
Interestingly, our observed halo-light fractions (0.02-0.03) are already below
the theoretical values of Cooper et al. (2013) (∼ 0.1; their Fig. 12 for B/T<0.2).
However, there is room for explaining this discrepancy. First, our data could
be selected against ﬁnding massive halos. In fact, our sample of spiral galaxies
is biased towards objects which do not have signatures of distortions caused
by on-going or recent mergers. Second, we have studied the fraction of light of
the halos in the r′-band instead of the fraction of stellar mass, as done in the
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simulations. If, as expected, the stellar populations in the halos are older than
those in the galaxy disks, then our observed light fractions in the r′-band will
be smaller than the stellar mass fractions. A rough estimate of this bias can
be reached as follows. Assuming that the mean luminosity weighted age of the
stellar population in the disks is 1-2 Gyr and in the stellar halos 6-8 Gyr, then
assuming a Solar metallicity and a Kroupa IMF, according to the Vazdekis
et al. (2012) models we would get M/Lr′ (disk)=0.6-1.0 and M/Lr′ (stellar
halo)=2.4-2.8. Consequently, our data (at least the observed oﬀset between
the fraction of light in the halos and the theoretical expectation for the fraction
of mass) could be in agreement with the numerical expectations.
While beyond the scope of the current project to explore for every galaxy in
more detail, this result should serve as a warning for any future work: the
eﬀect of the PSF must be taken into account when attempting to interpret
surface photometry of stellar halos in face-on galaxies. We have arrived at a
point where just collecting more and deeper data will help detect more halos.
The PSF will always play a major, limiting role in the detections. In this
sense, a better and safer method for ﬁnding stellar halos would be detecting
individual stars, such as done by Radburn-Smith et al. (2011).
Conclusions
We present surface photometry of 22 nearby face-on and moderately inclined
galaxies, from the IAC Stripe82 Legacy Project, using co-added data from
the g′, r′ and i′ bands. Using traditional ellipse proﬁles, as well as our new
rectiﬁed polar proﬁles, this allows us to probe down to a surface brightness
level of 29-30 r′-magnitude / arcsec2. We ﬁnd that all galaxies in our sample
are ragged or lopsided at these depths. Due to this, ellipse proﬁles smooth out
any truncation that may occur and a special technique, introduced here and
named rectiﬁed polar plots, is vital to detect them. For the ﬁrst time ever,
we have been able to detect truncations in three of our 22 face-on galaxies,
using rectiﬁed polar proﬁles. Furthermore, we ﬁnd that 15 other galaxies
have starlight-like halos. Using synthetic galaxies convolved with a real PSF,
we exclude the possibility that these halos could be solely explained due to
scattered light from the PSF. The PSF scattered light is however, the dominant
source of light in the outer parts of these galaxies. The presence of halos and
truncations is mutually exclusive, and we argue that the presence of PSF
scattered light often outshines any truncation that might be present.
The radius of the onset of truncations and halos correlates tightly with the
galaxy size, as measured with the R25 parameter. We ﬁnd that the correlation
is eﬀectively the same for both features. We have also detected 17 breaks,
which are found much closer to the center of galaxies. Breaks are also found to
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correlate with the size of the galaxy, again measured with R25. We have found
no correlation between the color or radius at the onset of breaks, truncations
and stellar halos, with morphological type, apparent or absolute magnitude,
radial velocity and distance, inclination and maximum rotational velocity.
Break Truncation Halo
Galaxy R µ R µ R µ R25
IC 1515 14.8+0.3−0.4 23.6+0.1−0.1 28.8+0.9−1.2 29.0+0.2−0.3 19.2
IC 1516 42.1+2.5−4.6 28.0+0.5−0.8 25.5
NGC450 7.4+0.1−0.1 23.9+0.0−0.0 11.3+0.4−0.5 28.1+0.3−0.4 8.6
NGC493 10.3+0.3−0.3 23.0+0.1−0.1 20.1+0.7−0.7 28.4+0.2−0.2 14.2
NGC497 18.1+0.9−1.0 22.3+0.1−0.1 48.7+1.5−1.6 28.7+0.2−0.2 32.5
NGC799 23.8+0.5−0.6 23.5+0.1−0.1 43.9+2.0−3.6 29.4+0.4−0.7 29.1
NGC856 20.1
NGC941 9.0+0.3−0.3 24.1+0.1−0.1 11.0
NGC1090 26.1+0.2−0.3 26.1+0.2−0.3 19.6
NGC7398 8.6+0.3−0.4 22.8+0.0−0.0 16.3+2.2−1.6 26.1+0.6−0.5 15.4
UGC139 18.7+1.0−1.4 24.9+0.2−0.2 29.9+2.1−2.6 29.4+0.4−0.7 19.6
UGC272 8.7+0.8−1.0 22.9+0.2−0.2 18.1+7.5−5.2 27.2+2.2−1.9 14.5
UGC651 8.4+0.4−0.6 23.9+0.1−0.2 12.7+3.1−1.8 27.0+1.4−0.9 10.8
UGC866 10.0+0.2−0.2 29.0+0.1−0.1 5.5
UGC1934 25.0+1.6−2.4 23.5+0.3−0.4 39.6+1.3−1.2 26.6+0.1−0.1 34.0
UGC2081 15.0+0.3−0.4 25.6+0.1−0.1 12.9
UGC2311 16.8+0.3−0.4 23.8+0.1−0.1 31.7+1.4−1.7 28.8+0.3−0.4 21.0
UGC2319 11.0+0.2−0.2 22.4+0.0−0.0 27.7+0.7−0.9 28.1+0.1−0.2 19.4
UGC2418 9.8+0.2−0.2 22.1+0.0−0.0 25.9+1.7−2.5 28.1+0.4−0.7 18.0
UGC12183 4.6+0.3−0.4 22.8+0.1−0.2 15.1+1.0−1.1 28.9+0.4−0.4 8.7
UGC12208 4.7+0.1−0.0 22.7+0.0−0.0 11.2+0.7−2.4 27.7+0.6−1.9 7.8
UGC12709 10.5+0.1−0.1 24.8+0.0−0.0 16.2+0.6−1.1 27.9+0.3−0.6 10.7
Table 7.2: The position R and surface brightness µ at the onset of the halos, breaks
and truncations in our galaxy sample. The positions are in kpc. The surface brightness
is in r′-mag/arcsec2.
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Figure 7.10: Proﬁle mosaic depicting the increase of the halo light fraction η across
the sample, the value of which is shown below each ﬁgure. The surface brightness µ in
r′-mag/arcsec2 on the vertical axis. The radius R in arcsec on the bottom horizontal
axis and in kpc on the top horizontal axis.













































































































































































































































Figure 7.11: Image mosaic depicting the increase of the halo light fraction η across
the sample, the value of which is shown in each ﬁgure. The axis scales are in arcsec.
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Inner galaxy Outer galaxy Truncation Halo
Galaxy h µ0 h µ0 h µ0 h µ0
IC 1515 5.2+0.1−0.1 20.5+0.0−0.0 2.8+0.1−0.1 17.9+0.2−0.3 15.2+4.8−3.7 26.9+0.6−0.8
IC 1516 6.0+0.2−0.2 20.3+0.2−0.2 4.0+1.0−0.7 16.6+2.4−2.6
NGC450 2.9+0.1−0.1 21.2+0.0−0.0 1.0+0.0−0.0 15.8+0.3−0.4 4.0+1.2−0.8 25.1+0.9−1.0
NGC493 4.7+0.1−0.1 20.6+0.0−0.0 2.0+0.1−0.1 17.3+0.3−0.3 10.8+2.3−1.5 26.4+0.5−0.5
NGC497 10.5+0.8−0.7 20.5+0.1−0.1 5.2+0.2−0.2 18.6+0.2−0.2 22.6+1.7−2.8 26.3+0.2−0.4
NGC799 20.3+1.4−1.2 22.3+0.1−0.0 3.7+0.2−0.3 16.5+0.5−0.7 16.4+5.7−6.1 26.6+0.9−2.1
NGC856 5.0+0.0−0.0 20.7+0.0−0.0
NGC941 3.0+0.1−0.1 20.8+0.1−0.1 1.9+0.0−0.0 19.0+0.1−0.1
NGC1090 5.5+0.1−0.1 21.1+0.1−0.1 3.2+0.3−0.2 17.7+0.9−0.8
NGC7398 14.3+1.0−0.8 22.1+0.0−0.0 2.5+0.3−0.3 19.1+0.5−0.5 6.7+0.7−0.5 23.5+0.5−0.4
UGC139 6.3+0.2−0.2 21.6+0.1−0.1 2.7+0.4−0.4 17.3+1.2−1.6 15.1+6.1−4.6 27.2+0.9−1.3
UGC272 5.2+0.0−0.0 21.1+0.0−0.0 2.4+0.5−0.6 19.1+0.7−1.3 5.0+2.2−0.8 23.2+2.3−1.3
UGC651 3.1+0.0−0.0 20.9+0.0−0.0 1.5+0.3−0.3 17.9+1.2−1.6 4.0+1.4−0.6 23.6+1.6−0.9
UGC866 1.2+0.0−0.0 20.2+0.1−0.1 17.3+5.4−7.6 28.4+0.2−0.5
UGC1934 6.6+0.0−0.0 19.4+0.0−0.0 5.0+0.3−0.3 18.1+0.4−0.4 22.0+1.3−1.2 24.7+0.2−0.2
UGC2081 4.0+0.1−0.1 21.5+0.0−0.0 2.0+0.1−0.1 17.6+0.4−0.4
UGC2311 7.0+0.4−0.3 21.2+0.1−0.1 3.2+0.1−0.1 18.0+0.2−0.2 16.8+5.8−9.0 26.8+0.6−2.4
UGC2319 5.5+0.0−0.0 20.2+0.0−0.0 3.2+0.1−0.1 18.6+0.1−0.1 13.5+3.3−2.7 25.9+0.5−0.7
UGC2418 7.8+0.3−0.3 20.8+0.0−0.0 2.9+0.1−0.1 18.5+0.2−0.2 8.2+2.8−1.7 24.7+1.1−1.2
UGC12183 2.5+0.0−0.0 20.8+0.0−0.0 1.9+0.1−0.1 20.1+0.1−0.1 5.5+1.1−0.7 25.9+0.7−0.7
UGC12208 5.6+0.3−0.3 21.7+0.0−0.0 1.4+0.0−0.0 19.0+0.1−0.1 0.7+0.3−0.2 19.0+0.1−0.1
UGC12709 6.5+0.1−0.1 23.0+0.0−0.0 2.0+0.1−0.1 19.0+0.2−0.2 1.2+0.2−0.1 19.0+0.2−0.2
Table 7.3: Fitted scale lengths in kpc and central brightness in r′-mag/arcsec2 as
measured from the ellipse proﬁles
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Galaxy Morphological type Mabs η
IC 1515 Sb -21.7 0.020+0.005−0.007
IC 1516 Sbc -22.0
NGC450 SABc -19.2 0.058+0.020−0.022
NGC493 Sc -19.8 0.031+0.006−0.006
NGC497 SBbc -22.1 0.025+0.002−0.004




NGC7398 SABc -20.8 0.152+0.031−0.023
UGC139 SABc -20.4 0.023+0.008−0.012
UGC272 SABc -19.7 0.176+0.161−0.088
UGC651 Sc -18.9 0.155+0.096−0.055
UGC866 Sd -17.3 0.123+0.009−0.021
UGC1934 Sbc -21.7 0.094+0.007−0.007
UGC2081 SABc -19.4
UGC2311 Sb -21.8 0.023+0.005−0.023
UGC2319 Sc -20.5 0.038+0.008−0.010
UGC2418 SABb -21.2 0.056+0.025−0.026
UGC12183 Sbc -19.0 0.049+0.014−0.013
UGC12208 Scd -19.1
UGC12709 SABm -18.6
Table 7.4: Absolute brightness for each galaxy and the halo light fraction η.
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Galaxy x1 x2 x3 x4 x5 x6
IC 1515 10 13 15 23 27 40
IC 1516 23 40 41 50
NGC450 3 7 7.5 11 12 14
NGC493 5 10 11 18 21.5 33
NGC497 10 16 21 40 54 70
NGC799 9.5 20 25 37 44 55
NGC856 10 40
NGC941 5 9 11 18
NGC1090 19 24 26 35
NGC7398 6 8 10 18 22 40
UGC139 11 17 20 25 27 47
UGC272 3 7 11 17 20 33
UGC651 3 8 9 14 15 24
UGC866 3 7.4 8.5 10.5
UGC1934 20 30 30 32 53 84
UGC2081 6 14 16 23
UGC2311 10 14 17 26 28 32
UGC2319 3 9 11 23 25 33
UGC2418 3 9 12 28 29 32.5
UGC12183 1 4 5 12 13 25
UGC12208 2 5 6 10 12 14
UGC12709 4 9 11 15 16 20
Table 7.5: Fit regions in [kpc]
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7.A Overview of Individual Galaxies
The following panels show our results for a selection of the most interesting
individual galaxies. We refer to the online version of the paper for the full
list of ﬁgures. In the top-left panel, all surface brightness proﬁles are shown.
The blue line shows the conventional ellipse proﬁle. Oﬀset by +0.5 mag are
the equivalent proﬁles, in green. The corrected polar proﬁles at 25, 26 and
26 magnitude, are shown in purple with an oﬀset of -0.5 mag. The PAS
proﬁles are shown in red and are oﬀset +1 mag from the central value of the
ellipse proﬁles. We note that the PAS are in pseudo r′-mag/arcsec2 and do not
represent the same scale as the other proﬁle (see Section 7.3.3 for more details).
The dashed blue vertical line denotes the maximum radius used for the PAS
and EP proﬁle extraction. The dashed horizontal blue line represents the 1σ
standard deviation in the pixel-to-pixel noise. The red dashed horizontal line
represents the uncertainty limit. The top-right panel shows the sky in counts
as seen from the elliptical proﬁles. In the second row we show on the left
side a RGB image produced from the g′, r′ and i′ images, rotated such that
the major axis of the galaxy aligns with the horizontal axis. The scale for all
images is in arcsec unless otherwise noted. On the right side, we show the
uncorrected background of the image, smoothed by a Gaussian with a radius
of three pixels. The image is again aligned to the major axis of the galaxy.
The colors range from -0.5 to 0.5 ADU. The green contour represents an outer
cutout region from the larger raw image. The ticks beside each image are in
arcsec. The left panel on the third row shows the corrected background in the
cutout region. The scale again ranges from -0.5 to 0.5 ADU. No smoothing
is applied. The blank holes are due to the mask. The blue ellipse shows the
ellipse used as a limit for the PAS and EP methods. The right panel on the
third row shows the cutout ellipse of the PAS and EP methods. The scale has
been optimized to show the faint outer regions of the galaxy. The contours
match the color bar on the last row. The last row shows two versions of the
polar proﬁles, with on the left the uncorrected proﬁle and on the right the
eﬀect of a rectiﬁcation at a level of 26 magnitudes / arcsec2.
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Figure 7.12: Detailed results for IC 1515
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Figure 7.13: Detailed results for NGC493
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Figure 7.14: Detailed results for UGC866
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One of the key points of this thesis is that a treatment for HI self-absorption
should be included in any analysis. This eﬀect will be most profound in edge-
on galaxies. In Section 2.7, we explored the relation between inclination and
hidden HI mass in detail. This is expressed best by Figure 2.8. This ﬁgure
oﬀers a great test, as it can readily be compared to survey data. Using upcom-
ing HI surveys, the amount of galaxies that have their HI masses estimated
will increase drastically. This can be compared to a suitable near infrared or
optical color, which is known to be relatively free of absorption eﬀects. In a
suﬃciently large sample, the HI brightness compared to this optical brightness
should, at the highest inclinations, be signiﬁcantly lower. As we commented
on in Section 2.7, we have previously attempted this. We were however limited
in our sample, mostly due to the lack of accurate measurements of galaxies at
high inclinations.
Also of interest to investigate further, is the nature of the eﬀective spin tem-
perature Tspin. In Chapters 1, 2 and 3 we have assumed that Tspin = 100K.
This was based on the observations from Chapter 1 and has proven a good
ﬁt. Nevertheless, what is it in reality? This can best be estimated from our
Galaxy, where surveys such as The Canadian Galactic Plane Survey is already
available at great resolution. As the optical depth in the radiative transfer goes
exponentially, a slightly lower average spin temperature can already lead to
drastically more hidden HI .
In Section 3.4.7, we have explored the isothermal nature of the velocity disper-
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sion with height. The velocity dispersion is traditionally modeled as constant
with height above the plane, yet our only observation appears to indicate a
lower velocity dispersion. We did not have suﬃciently low noise levels to ex-
plore this in our other galaxies. Future studied could repeat this exercise using
the upcoming next generation of telescopes. If the velocity dispersion indeed
drops with height, then results from analysis of the hydrostatics, such as the
one in Chapter 5, will need to be reconsidered.
In a similar vein the velocity dispersion ellipsoid (e.g. the strength of the
tensor towards the R, θ and z directions) is always assumed to be spherical.
A test for this would be to use Galactus and model the zeroth, ﬁrst and
second moment maps of actual galaxies which are at an inclination near 70◦.
Changing the strength of the tensor along R and θ (see Section 2.2.2) leads
to drastic changes in the second moment maps of these cubes, in particular
along the major and minor axes.
In Chapter 7 we found that most face-on to moderately inclined galaxies ap-
pear to have a starlight halo. It remains unclear to what extent these halos
are due to scattered light from the PSF, and how much is due to the pres-
ence of an actual stellar halo. It will be very interesting to see a theoretical
model which predicts when a PSF should dominate the result and when the
observed proﬁle is truly a stellar disk or a truncation. We have argued that
this starlight halo is the main reason why truncations have remained elusive
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Er bestaat een theorie die stelt dat als iemand op wat voor een
manier dan ook ontdekt wat het universum inhoudt en waarom het
is zoals het is, het ogenblikkelijk vervangen wordt door iets dat nog
bizarder en onbegrijpelijker is. Er bestaat ook een theorie die stelt
dat dit al gebeurd is.
–Douglas Adams
Spiraalvormige sterrenstelsels zijn zonder twijfel een van de grootste wonderen
die het universum ons te bieden heeft. Een verzameling van gas en honderden
miljarden sterren, samen één dunne schijf vormend met een doorsnede van
honderdduizenden lichtjaren1 en maar duizend lichtjaar dik, traag draaiend in
een kosmische dans rond het oneindig kleine - maar superzware - zwarte gat
dat het middelpunt van een sterrenstelsel vormt.
Het bekendste voorbeeld van een spiraalsterrenstelsel (vanaf nu simpelweg
1 Licht gaat in een vacuüm met ongeveer 300.000 kilometer per seconde. De doorsnede
van ons Melkwegstelsel is geschat op 100.000 lichtjaar. Met deze snelheid heeft het licht
er dus 100.000 jaar voor nodig om van de ene naar de andere kant te gaan. We zien het
licht dus met een vertraging. En dan is 100.000 lichtjaar nog maar dichtbij. Het ons op
dit moment verst bekende sterrenstelsel ligt 13,1 miljard lichtjaar van ons vandaan. De
leeftijd van het universum is nu geschat op 13,8 miljard jaar en was nog maar 700.000
jaar oud toen dit sterrenstelsel al bestond en het licht naar ons vertrok. Sterrenkunde
is tijdreizen.
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Figuur 1: Een klassiek voorbeeld van een spiraalsterrenstelsel: Messier 51, oftewel
de Draaikolknevel. Een sterrenstelsel op 23 miljoen lichtjaar afstand. De spiraalar-
men zijn heel duidelijk te herkennen. Rechts staat een dwerg-sterrenstelsel genaamd
NGC5195. Aan de verbinding van de spiraalarm is te zien dat de twee sterrenstelsels
interactie met elkaar hebben. De foto is gemaakt door ESA/Hubble.
sterrenstelsel genoemd) is natuurlijk onze eigen Melkweg. Omdat we er mid-
denin zitten, zien we de Melkweg als heldere band aan de hemel. De Zon is
maar één ster tussen vele en staat op een afstand van ongeveer 27.000 lichtja-
ren van het centrum van de Melkweg. Op deze afstand doet de Zon er ongeveer
225 miljoen jaar over om een rondje door de Melkweg te draaien. De vorige
keer dat de Zon zich op deze plek in het melkwegstelsel bevond, liepen de
allereerste dinosaurussen net rond.
Sinds het begin van de twintigste eeuw weten we dat ons melkwegstelsel maar
een is onder vele. De beste schattingen gaan uit van minstens honderd miljard
sterrenstelsels in het universum. De meeste daarvan staan erg ver weg, maar
er zijn er ook vele, zoals de Draaikolknevel (ﬁguur 1), die dichtbij genoeg staan
om in detail te kunnen worden bestudeerd.
De titel van mijn onderzoek is A Closer Look at the Anatomy of Spiral Ga-
laxies, in het Nederlands vrij vertaald als Een nadere blik op de samenstelling
van spiraalsterrenstelsels. In dit onderzoek ga ik in op twee speciﬁeke on-
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derwerpen met betrekking tot sterrenstelsels. Het eerste deel gaat over de
aanwezigheid van donkere materie, een stof die geen gas is en ook geen ster of
planeet, die geen licht uitstraalt en waarvan de aanwezigheid alleen maar door
de zwaartekracht wordt verraden. Daarnaast richt ik mij op de buitengebieden
van sterrenstelsels. Wat gebeurt er precies aan de rand van sterrenstelsels?
Neemt de hoeveelheid sterren geleidelijk af naar nul, of gebeuren hier mis-
schien andere dingen? In de volgende twee secties leg ik deze onderwerpen in
meer detail uit.
De donkere materie-halo
De vorm van sterrenstelsels wordt bepaald door een nauwgezet evenwicht tus-
sen de zwaartekracht en de rotatie van het stelsel. De zwaartekracht werkt op
alle sterren, planeten, gas en het centrale zwarte gat en probeert die allemaal
naar een punt te trekken. De ronddraaing van het stelsel werkt dit precies
tegen.
Dit is het makkelijkst uit te leggen met een (versimpeld) voorbeeld uit ons
eigen zonnestelsel. Als er geen Zon en andere planeten waren geweest, dan zou
de Aarde in een rechte lijn door het heelal blijven vliegen. De zwaartekracht
trekt de Zon en de Aarde echter naar elkaar toe. Het gevolg is dat de Aarde wel
een stukje doorvliegt, maar dat de zwaartekracht de planeet weer terugtrekt
richting de Zon (en de Zon richting de Aarde), zodat de onderlinge afstand
gelijk blijft. Doordat de Aarde wel doorvliegt, maar niet verder van de Zon
vandaan komt, komen we in een cirkel terecht: het duurt precies een jaar om
een rondje om de Zon te draaien.
Zwaartekracht neemt kwadratisch af met afstand. Als er bijvoorbeeld een
planeet zou zijn die op een tweemaal zo grote afstand van de Zon stond dan
de Aarde, dan zou de zwaartekracht tussen de Zon en die planeet vier keer zo
zwak zijn. Om in een cirkelvormige baan rond de Zon te draaien, moet deze
planeet dan ook veel langzamer gaan. Als hij net zo snel beweegt als de Aarde,
dan zou de planeet winnen van de zwaartekracht en kunnen ontsnappen. De
Aarde heeft een snelheid van ongeveer 30 kilometer per seconde in zijn baan
om de Zon. Jupiter, een planeet die veel verder weg staat, vliegt nog maar
met 13 kilometer per seconde rond. En Neptunus, die nog veel verder weg
staat, vliegt nog maar met 5,5 kilometer per seconde rond. Hoe verder weg,
hoe minder snelheid er dus nodig is.
Dezelfde regels die opgaan voor het Zonnestelsel gaan ook op voor een sterren-
stelsel. Dan gaat het echter niet om acht planeten, maar om miljarden sterren
en gas. Stel dat je de zwaartekracht op een bepaalde ster wilt berekenen.
Sterren en gas die zich op een grotere afstand van het middelpunt van het
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stelsel bevinden, zullen een ster naar buiten proberen te trekken. Dit wordt
echter precies tegengewerkt door de sterren en het gas die zich aan de andere
kant van het stelsel op eenzelfde afstand van het centrum bevinden. De netto
zwaartekracht is daardoor precies nul. Om de totale zwaartekracht op een
bepaald object te berekenen, is daarom alleen de hoeveelheid gas en sterren
die zich dichter bij het middelpunt van een stelsel bevinden van belang. Deze
regel is al door Isaac Newton (1642-1727) bedacht en wordt de Bolschilstelling
genoemd.
De binnenste delen van sterrenstelsels hebben de grootste hoeveelheden gas
en sterren. Naar buiten toe neemt dit gestaag af. De meeste massa bevindt
zich dus in de binnenste delen van een sterrenstelsel. Door de grote afstan-
den verwachten we dat sterren in de buitenste delen maar weinig zwaarte-
kracht ondervinden van deze massa. Daarom zullen ze ook langzaam moeten
ronddraaien rond het stelsel. Sterren die zich in de binnenste delen bevinden,
hebben met veel meer zwaartekracht te maken en moeten daarom sneller rond-
draaien. Dit blijkt echter niet op te gaan. De sterren en het gas blijken tot ver
in de buitengebieden nog met hoge snelheid rond te draaien. Dat niet alleen,
ze blijken sowieso met een veel te hoge snelheid rond te draaien. De massa van
de sterren en het gas kan samen niet voldoende zwaartekracht creëren om de
snelheid te compenseren. Ze zouden weg moeten vliegen en het sterrenstelsel
zou uit elkaar spatten. Dit gebeurt duidelijk niet, wat betekent dat er nog
meer massa moet zijn dan we kunnen waarnemen. In ﬁguur 2 illustreer ik dit
aan de hand van mijn eigen werk.
Deze ontdekkingen werden al eind jaren zestig, begin jaren zeventig gedaan.
Sinds die tijd is vastgesteld dat de ontbrekende massa in geen enkel deel van
het lichtspectrum te vinden is, of het nu radio, Röntgen, ultraviolet, infrarood
of gewoon zichtbaar licht is. Het fenomeen is in veel verschillende stelsels
vastgesteld, waarbij men ook tot de conclusie is gekomen dat de ontbrekende
massa zich in een halo rond het stelsel moet bevinden en niet in een schijf
zoals het gas en de sterren. Ook om het ontstaan van het universum te kunnen
begrijpen blijkt deze extra massa nodig. Zonder deze massa zouden er nooit
sterrenstelsels gevormd kunnen zijn in een universum dat nog maar 700 miljoen
jaar oud is.
Maar wat is deze ontbrekende materie, die we ook wel donkere materie zijn
gaan noemen? Vooralsnog heeft niemand daar een antwoord op kunnen vin-
den. Er zijn vele theorieën, maar doordat het zo moeilijk is om goede waarne-
mingen te doen, blijft het erg lastig om vast te stellen welke theorie de juiste is.
Een belangrijk puzzelstukje in de oplossing van dit probleem is de vorm van
de donkere materie-halo. Wanneer theoretici deze beter begrijpen, kunnen zij
de ‘spelregels’ van donkere materie beter begrijpen en zo weer een stap verder
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Figuur 2: Ontbrekende massa? De onderste blauwe lijn laat de verwachte snelheid
zien waarmee UGC7321 zou moeten draaien aan de hand van de waargenomen massa
van gas en sterren. De bovenste groene lijn laat zien hoe snel het stelsel in werkelijkheid
draait.
komen met hun theorie.
Daarom heb ik mij in dit eerste deel van mijn onderzoek gericht op het bepalen
van deze vorm. Dit heb ik gedaan door sterrenstelsels die wij van opzij zien
te analyseren. Bij deze zogenaamde edge-on-stelsels kunnen we de dikte van
het stelsel namelijk goed zien (zie bijvoorbeeld het bovenste paneel in ﬁguur
3). Net als eerder geldt voor de dikte van een sterrenstelsel dat het bepaald
wordt door de zwaartekracht. Uit de waarnemingen kan berekend worden
hoeveel sterren en gas zich op welke hoogte in de schijf bevinden. Aan de hand
van deze waargenomen massa kan een theoretische dikte worden berekend.
In de waarnemingen zien we echter ook de dikte van de schijf, die duidelijk
anders is dan we zouden verwachten. Net als bij de rotatie is er ook hier
dus sprake van ontbrekende massa. Door deze methode te combineren met
de ontbrekende massa volgens de rotatiebepaling, kan zowel in de hoogte- als
in de lengterichting een schatting worden gemaakt van de donkere materie
verdeling. Hieruit kan de vorm van de donkere materie-halo worden gehaald.
In hoofdstuk 1 presenteer ik waarnemingen van het waterstofgas voor acht
edge-on sterrenstelsels. Ik kom daarbij tot de conclusie dat een deel van het
gas versluierd is. Dit fenomeen lijkt een beetje op een mistbank. Wanneer
het goed mistig is, kun je bijvoorbeeld niet voorbij een paar meter zien. Of
de mistbank nog 10 meter doorgaat, of juist 10 kilometer, is niet zien. Ook
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bij de sterrenstelsels zien we maar tot een bepaalde diepte in het gas. Uit
mijn resultaten blijkt dat er toch al gauw 20 procent van het gas versluierd
is. Dit is een probleem waar tot op heden nog maar weinig aandacht aan is
besteed. Om toch een goede meting van het gas te kunnen doen, ontwikkel ik
daarom in hoofdstuk 2 een nieuw softwarepakket dat in staat is de hoeveelheid
versluierd gas te berekenen. Ik laat daarbij zien dat het probleem voornamelijk
bij edge-on sterrenstelsels sterk speelt.
De nieuwe software pas ik vervolgens toe op de waarnemingen van het gas in
hoofdstuk 3. Een interessante ontdekking hierbij is dat veel resultaten van
andere wetenschappers de hoeveelheid gas in een sterrenstelsel onderschatten
met zo’n 20 procent. In hoofdstuk 4 maak ik vervolgens modellen van de
sterren in deze sterrenstelsels. Hiervoor gebruik ik speciale software die het
stelsel in veel verschillende kleuren tegelijk kan modelleren. Dit levert extra
informatie op, bijvoorbeeld over het stof tussen de sterren, en geeft een betere
meting van de verdeling van het sterlicht.
De resultaten worden vervolgens gecombineerd in hoofdstuk 5. Ik probeer
daarna de vorm van de donkere materie-halo te meten. Dit lukt uiteindelijk
voor vijf van de oorspronkelijke acht sterrenstelsels. De resultaten laten zien
dat het duidelijk belangrijk is om de versluiering van het gas mee te nemen in
de modellen. In de meeste gevallen blijkt de vorm ongeveer rond te zijn, maar
er zijn er ook enkele waarbij de halo als rugbybal haaks op het stelsel staat.
Bij onze Melkweg is ook zo’n soort halo waargenomen. Dit komt overeen met
recent theoretisch werk, waarin verwacht wordt dat de halo dicht op het stelsel
inderdaad een rugbybalvorm moet hebben, om met groter wordende afstanden
weer ronder te worden.
De buitengebieden van sterrenstelsels
In 1979 publiceerde Piet van der Kruit een studie naar de verdeling van sterren
in sterrenstelsels. Net als in mijn werk aan de donkere materie-halo, gebruikte
hij daarvoor sterrenstelsel die van de zijkant gezien werden, de zogenaamde
edge-ons. In 1970 had Ken Freeman al aangetoond dat de hoeveelheid sterren
exponentieel afneemt met afstand tot het centrum. Van der Kruit had echter
de beschikking over betere waarnemingen, waardoor hij de sterverdeling verder
naar buiten kon volgen. Hij deed een bijzondere ontdekking: de hoeveelheid
sterren neemt niet gestaag af tot nul zoals eerder verwacht, maar blijkt op
een bepaalde straal afgekapt te worden en bijna direct naar nul te gaan. Dit
fenomeen van afkapping noemen we de truncatie van de sterschijf.
In ﬁguur 3 illustreer ik de ontdekking door Van der Kruit aan de hand van een
echte waarneming. In het bovenste paneel van dit ﬁguur toon ik sterrenstelsel
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Figuur 3: Sterrenstelsel UGC2584. Het bovenste paneel laat de lichtsterkte zien
van het volledige stelsel. De drie panelen daaronder tonen de buitenste zichtbare
delen naarmate het licht steeds zwakker wordt. Hoewel de schijf steeds dikker lijkt te
worden bij zwakkere lichtsterkten, groeit hij nauwelijks in de lengte.
UGC2584. Het stelsel wordt van opzij gezien, zodat we de hele schijf als een
plat object zien. De afbeelding is in zogenaamde valse kleuren, wat betekent
dat de kleuren gebruikt worden om te laten zien waar weinig en waar veel licht
vandaan komt. In de buitenste delen van sterrenstelsels zijn weinig sterren,
zodat daar ook maar weinig licht vandaan komt. In de drie volgende panelen
illustreer ik dit, door met zwart te tonen welke delen van het stelsel meer
licht geven dan een bepaalde lichtsterkte. Van het bovenste naar het onderste
paneel is de hoeveelheid licht waarop ik deze grens leg steeds minder, zodat
van boven naar onderen steeds meer zwak sterlicht zichtbaar wordt. De blauwe
lijnen geven de grenzen aan van het stelsel zoals het te zien is in het eerste
van de drie panelen. De ontdekking door Van der Kruit was dan ook als volgt:
hoewel het stelsel steeds dikker lijkt te worden met zwakker licht, neemt het
in de lengte nauwelijks toe.
De oorzaak van deze truncatie aan de rand van de sterschijf wordt nog steeds
niet begrepen. Net als de hoeveelheid sterren neemt ook de hoeveelheid water-
stofgas af met afstand tot het centrum. Aangezien sterren uit gas ontstaan, is
er een theorie die stelt dat er rond de truncatie-afstand simpelweg niet meer
genoeg gas is om sterren te laten ontstaan. En omdat er geen sterren zijn ont-
staan voorbij die afstand, zullen we er ook geen sterlicht vandaan zien komen.
Een andere theorie stelt juist dat de schijven van sterrenstelsels langzaam naar
buiten groeien, naarmate ze samensmelten met andere sterrenstelsels. In deze
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theorie is de truncatie simpelweg de huidige grens van het sterrenstelsel. Als
we over een paar miljard jaar nog eens naar het stelsel van ﬁguur 3 zouden
kijken, zal de truncatie verder naar buiten moeten liggen. Het lijkt er op dat
deze tweede theorie niet klopt, aangezien we in deze theorie zouden verwach-
ten dat de leeftijd van sterren met afstand van het centrum zou veranderen.
Dit wordt in de praktijk niet waargenomen. Wat de juiste theorie dan wel is,
weten we helaas nog niet.
Een deel van het probleem ontstaat doordat we truncaties maar moeilijk kun-
nen waarnemen in sterrenstelsels. Het licht dat naar ons toe komt vanuit een
edge-on-stelsel heeft al een hele weg afgelegd door dat stelsel. Langs deze weg
door het stelsel staan veel sterren, die elk een beetje licht toevoegen. Het
uiteindelijke licht dat wij waarnemen bestaat dan ook uit bijdragen van vele
sterren. Daarentegen is voor een stelsel dat we van boven zien de weg door
het stelsel veel korter, aangezien een stelsel vele malen dunner is dan het lang
is (in het geval van de Melkweg maximaal honderd keer langer dan dik). Hier-
door is het licht dat we van de buitengebieden zien veel zwakker dan in een
edge-on-stelsel. Er zijn betere telescopen nodig om dit toch nog te kunnen
zien. Door de komst van de digitale camera en de bouw van grotere spiegels
zijn dit soort betere telescopen ook beschikbaar geworden. Maar ondanks vele
pogingen bleef een overtuigende waarneming van een truncatie in een van de
van boven bekeken stelsel uit.
De standaardmethode voor het meten van de lichtverdeling in stelsels die van
boven worden gezien, is om voor elke afstand van het centrum het licht in
een grote ellips in dat stelsel te meten. Deze stelsels worden ook wel face-on
genoemd. In edge-on-stelsels meten we het licht echter direct af uit de beelden.
Dit licht heeft echter, zeker in de binnendelen, een grotere weg afgelegd waarbij
sterren op vele verschillende afstanden van het centrum gezien worden. Dus
terwijl de eerste methode het licht als functie van één straal in het stelsel
meet, is de andere methode een mengelmoes van licht dat afkomstig is van
veel verschillende stralen. In hoofdstuk 6 gaan wij in op de vraag of dit
problemen kan opleveren. In plaats van de ellipsen te meten in de face-on-
stelsels, proberen we het stelsel op eenzelfde manier te bekijken als een edge-
on-stelsel. Het levert interessante verschillen op, maar helaas is er te veel ruis
in onze waarnemingen om de truncatie op deze manier in een face-on-stelsel
te kunnen zien.
Een andere reden waarom truncaties in face-ons verborgen blijven, is doordat
stelsels in de buitenste delen niet mooi rond zijn, maar rafelig. In een edge-
on-stelsel zou een truncatie in een rafel nog steeds zichtbaar zijn, omdat we
alleen de buitenste rafel toevallig zien, maar door de middeling met ellipsen in
face-on-stelsels kan de truncatie worden uitgesmeerd en daardoor verborgen
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blijven. In hoofdstuk 7 ontwikkelen we daarom nog een andere methode,
waarbij we proberen de rafels recht te trekken. De methode blijkt erg goed te
werken en levert daardoor ook de eerste waarneming op van een truncatie in
een face-on-stelsel. We zien echter nog iets, namelijk dat er in face-on-stelsels
bijna altijd een zwakke halo van licht zichtbaar is. In veel van de stelsels geeft
de halo zo veel licht dat de truncatie erdoor verborgen kan worden. Dit was al
eerder voorspeld en wordt hier bevestigd. Ook blijkt de hoeveelheid licht die
van deze sterhalo komt altijd tussen de 2 tot 10 procent van het totale licht
van een stelsel te zijn, onafhankelijk van de grootte van het stelsel. Dit is een
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